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ANNOTATION 


The  book  presents  the  basic  tenets  of  stereometric  metallography,  i.e. 
the  combination  of  methods  of  quantitative  evaluation  of  spatial  microscopic 
structure  of  metals  and  alloys.  Methods  are  described  in  detail  for  estimating 
the  most  important  parameters  of  spatial  microstructure. 

It  is  demonstrated  that  the  basic  properties  of  metals  and  alloys  and 
their  behavior  in  the  processes  of  hot  and  cold  working  are  directly  connected 
quantitatively  with  parameters  of  stereometric  structure. 

instructors 

The  book  is  of  interest  for  engineering-technical  workers  and  IMM&iEM 
at  higher  educational,  institutions,  engaged  in  the  field  of  investigating, 
processing  and  inspecting  the  quality  of  metals,  as  well  as  for  students  of  the 
pertinent  specialties. 
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PREFACE 


The  purpose  of  the  book  is  to  give  a  systematized  and,  as  far  as  possible, 

complete  portrayal  of  present-day  methods  of  quantitative  evaluation  of  spatial 

microscopic  structure  of  metals  and  alloys.  Such  an  evaluation,  being  the  most 

effective  and  feasible  from  the  physical  viewpoint,  has  received  wide  recognition 

and  is  being  used  more  and  more  by  Soviet  and  foreign  metallurgists.  At  the  same 

time,  XX  descriptions  of  methods  of  stereometric  evaluation  are  dispersed  among 

numerous  journal  articles,  often  hard  to  obtain,  which  complicates  the  use  of 

these  methods.  In  comparison  with  the  first  XMXXESX  edition,  the  present  book 

has  been  revised  and  supplemented.  Included  is  a  description  of  new  methods 
ilv 

published  in  Soviet  and  foreign  press  from  the  time  of  Xpf  appearance  of  the  first 

publication,  as  well  as  methods  developed  by  the  author  in  the  metallurgical 

laboratory  of  the  Yerevan  Polytechnic  Institute  imeni  KX  Karl  Marx.  Considerable 

attention  has  been  diverted  to  an  analysis  of  foreign  researches,  which  confirms 

that  both  in  respect  to  priority,  as  well  as  in  general  state  of  the  ar£  the 

stereometric  MKXYXKjffijSKjf  metallography  in  the  Soviet  Union  is  ahead  of  that  in 

foreign  countries.  The  methods  of  quantitative  evaluation  of  a  plane  structure 

are  presented  only  to  the  extent  necessary  for  obtaining  the  initial  data  being 

used  for  computing  the  parameters  of  spatial  microstructure. 

The  author  hopes  that  the  book  will  promote  the  further  popularization  of 

particular,  will 

methods  of  stereometric  evaluation  and,  in  ffxyKYXflTOHMfinfl  stimulate  the  transition 
from  semiquantitative  methods  of  rough  approximation  to  more  precise  and  objective 
characterization  of  the  structure  with  the  aid  of  parameters  of  actual  spatial 

structure. 
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"New  Methods  Lead  to  New  Results" 
N.S.Kurnakov 

l 


CHAPTER  I 

MICROSCOPIC  STRUCTURE  OF  ALLOYS  AND  METHODS  OF  THEIR 
CHARACTERISTICS 

Section  1.  Qualitative  and  Quantitative  Appraisal  of  Microscopic  Structure 
of  Alloys 

The  dependence  of  the  quality  of  steel  upon  its  structure  was  first  established 
by  P.P. Anosov,  who  had  used  that  successive  combination  of  methods  which  now  is 
called  the  microscopic  method  and  comprises  the  basis  of  metallography 
(N.S.Kurnakov)  (Bibl.2). 

P.P. Anosov  first  introduced  the  semiquantitative  scale  for  HSM  evaluating 
the  quality  of  steel  based  on  its  macrostructure  (Bibl.3). 

Later  D.K, Chernov  developed  this  tendency,  and  established  the  quantitative 
dependence  of  properties  of  steel  (viscosity)  on  the  actual  parameter  of  its 
structure  (size  of  grain)  (Bibl.A). 

In  modern  machine  construction,  the  conditions  of  the  work  of  metal  in 
parts,  tools  and  construction,  and  also  the  technology  of  its  processing,  compels 
the  posing  of  especially  rigid  and  numerous  requirements  for  the  quality  of 

XMXI  metal.  Often  these  requirements  relate  directly  to  the  structure  of'  metal^ 
and  the  conformity  of  the  quality  of  metal  to  the  requirements  should  never  be 
checked  by  any  methods  other  than  metallographic  ones.  Even  if  it  is  sometimes 
possible,  such  a  checking  is  not  very  graphic,  reliable, or  advantageous.  Some 
examples  are  the  determination  of  purity  of  steel  with  respect  to  content 
of  nonmetallic  Inclusions,  degree  of  heterogeneity  of  distribution  of  carbides,  sizes 


of  grain,  depths  of  decarbonization  and  carbonization,  presence  of  structurally  free 


cementite  in  soft  steel  and  the  nature  of  its  arrangement,  etc.  The  wide 
distribution  of  the  network  of  factory  laboratories  in  our  time  permits  a 
realization  of  an  analysis  of  metal  structure  everywhere.  In  many  cases, 
metallographic  analysis  is  conducted  as  a  mandatory  inspection  method  for  testing 
metals,  semifinished  products  and  finished  products,  along  with  chemical  analysis 
and  mechanical  testing.  The  inspection  functions  of  metallographic  analysis  also 
required  a  new  approach  to  an  evaluation  of  the  structure  and  to  a  portrayal  of  the 
results  of  analysis.  In  the  standards,  technological  charts,  and  technical 
specifications,  it  is  necessarj  to  include  quite  definite  and  concise  quantitative 
and  dimensional  requirements  for  structure,  clearly  and  accurately  defining  the 
characteristics  of  the  metal. 

Examining  the  structure  of  metal  and  the  products  from  it  at  various  stages  of 
the  technologiaal  prou#ss  and  in  finished  production,  the  plant  laboratories  ovar 
a  period  of  time  asetflmilate  extensive  experimental  material*  In  order  that  the 
accumulated  valuable  data  car.  be  advantageously  used  for  controlling  and  improving 
the  technological  processes  and  raising  the  quality  of  the  production  by  the  plant, 
it  is  necessary  to  process  these  data  systematically*  to  link  the  individual  factors 
of  the  technological  process  with  a  structure,  and  the  structure  with  the  quality  of 
production#  In  this  case,  the  use  of  statistical  methods  of  processing  experimental 
data  often  permits  one  to  find  important  and  sometimes  unexpected  dependences  and 
leads  to  conclusions  which  are  valuable  in  practice.  Using  only  a  qualitative 

by 

evaluation  of  structure,  we  cannot  link  it  J43XX  any  quantitative  dependence  with  the 
values  typifying  the  tect.ioL:  •'..VI  process.  A  statistical  processing  of  results 

of  micro  analysis  is  also  unrealizable  under  these  conditions.  Only  with  a  quantitative 
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or  dimensional  numerical  evaluation  of  microstructure  can  one  effectively  use  the 


experimental  material  being  accumulated  by  the  plant  laboratories. 

No  less  important  is  a  quantitative  appraisal  of  the  structure  in  the 


the  structural  elements  change  under  the  effect  of  mechanical,  thermal  and  chemical 
factors  only  quantitatively  or  dimensionally.  Some  examples  are  the  growth  of 
P2K  grain  during  heating,  degree  of  coagulation  of  cementite  during 

isothermic  annealing,  increase  of  JJiQpS  quantity  of  polite  during  cementation  etc. 
In  such  cases,  the  only  effective  means  will  be  a  quantitative  or  dimensional 
evaluation  of  structural  elements  (sizes  of  grain,  number*  of  earbid#  particles, 
quantity  of  plrlite)* 

For  instance,  a  study  of  the  ye crystallization  process  many  year*  ago  compelled 
the  development  and  introduction  into  metallographic  procedures  of  a  method  (being 
used  until  the  present)  for  estimating  the  sizes  of  grain  based  on  its  average 
area  on  a  slide, 

austenite, 

In  the  investigation  of  the  kinetics  of  decomposition  of  s«MHie,  there  la 

determined  the  content  cf  various  phases  at  various  stages  of  the  process.  Indirect 

0 

methods  (magnetic,  re  sis  tome  trie,  dilatometric)  are  less  convincing 

and  not  as  reliable  as  the  method  of  micro  investigation,  since  the  properties  can 

change  not- entirely  proportional  to  the  change  in  the  phase  composition  (3ibl,5), 

Advances  in  the  techniques  of  large  magnifications  permitted  a  solution  of 

problems  of  the  formation  of  a  number  of  structures  and  permitted  one  to  establish 

that  the  structures  which  were  considered  earlier  to  be  qualitatively  different  in 

actuality  have  mainly  a  single  type  structure  and  the  difference  in  them  one  from 

in 

another  reduces  only  to  a  quantitative  difference  Hi  fixed  parameters  of  structure. 


Such  for  example  are  ptblite,  sorbite,  troostite  having  a  flaky  structure  and 
A 

differing  in  degree  of  dispersion  of  flakes  of  cementite  and  ferrite. 

It  is  evident  that  the  concrete  expression  of  the  characteristics  of  such  structures 
requires  quantitative  estimation. 

In  many  cases,  even  a  purely  qualitative  estimate  of  the  structure  proves  to 

not  supported 

be  MKX  very  well  grounded  and  is  discussed  in  various  ways  if  it  is  not  SSMSQffM 

by  quantitative  characteristics.  For  instance,  a  case  of  a  diametrically  opposite 

definition  of  the  concept  "point  perlite"  is  noted  by  A.N.Chervyakov  and 

A.N.Podvoyskiy  (3ibl,6).  E03£K£XX£IMy  Whereas  N.A.Minkevich  identifies 

point  perlite  with  granular  perlite,  according  to  A.L.Baboshin  "granular  polite 

"  h  A 

has  nothing  in  common  with  point  perlite"  (Bibl.7,  8).  This  contradiction  is  caused 
by  a  qualitative  evaluation  of  the  structure  of  perlite  of  this  type  and  obviously 

A 

It  can  be  avoided  if  we  Introduce  the  quantitative  characteristics  of  grains  of 
ewmentlte  into  perlite,  speaking  of  "point",  "fine",  "average"  or  "large"  grains. 

Becoming  familiar  with  any  object,  physical  phenomena  or  process,  we  first  of 
all  obtain  a  qualitative  sc.urept  concerning  It.  During  a  more  profound  study  of 
the  same  object,  we  t1-  msfer  from  an  initial  qualitative  cognition  to  a 
quantitative  definition.  In  this  connection,  cases  are  possible  when  the  quantitative 
study  refutes  the  initial  qualitative  concept.  Therefore  qualitative-descriptive 
microscopic  metallography  is  only  the  first,  beginning  stage  of  development  of  the 
science  KKMyXX  studying  the  microscopic  structure  of  metals  and  alloys.  The 
transition  to  dimensional-quantitative  characteristics  of 

microscopic  structure  is  a  natural  and  unavoidable  path  of  further  development  of 
metallography.  Based  or.  a  number  of  conditions,  mainly  enumerated  above,  it  is  quite 
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necessary  to  develop  those  methods  of  evaluating  the  structure  and  its  elements, 

in  which  they  would  be  characterized  not  by  words  but  by  numbers,  especiallv  since 

the  majority  of  metallurgists  agree  with  this  approach.  XMXpXXXXXX 

The  quantitative  methods  of  evaluating  the  structure,  originating  simultaneously 

with  the  advent  of  microscopic  metallography,  received  especially  wide  acceptance  and 

intensive  development  in  the  last  25  -  30  yrs.  However,  the  vast  majority  of 

evaluation  methods  being  applied,  including  the  standard  ones,  are  far  from  the 

best  examples  of  quantitative  evaluation  of  structure. 

Section  2.  Methods  of  Numerical  Rating  of  Microstructure 

The  number  of  methods  published  until  now  for  rating  the  structure  by 

conventional  points,  numbers,  marks  etc.,  continues  to  grow  incessantly.  Several 

dozens  of  such  methods  and  scales  are  standardized  and  included  in  the  pertinent 

state  standards  (GOST).  All  these  scales  and  methods  can  be  divided  into  two 

main  categories,  based  or,  the  method  of  constructing  the  scales. 

To  the  first,  most  numerous  category  of  scales,  there  belongs  the  series  of 
ph'lomicrographs 

nriKcephOt»igM5{*B  of  single  type  structures  (usually  in  a  number  ranging  from  2  to  10, 
most  often  U  -  5),  chosen  and  renumbered  in  a  series  of  gradual  XXX  change  of  element 
of  structure,  typifying  the  given  scale.  The  degree  of  this  change  from  one  point 
to  the  following  one  is  chosen  arbitrarily,  being  Xpf  appraised  subjectively  by  eye, 
and  not  connected  by  any  fixed  dependence  with  the  index  number  of  the  structure  in 
the  scale  (with  the  pCKXXj  point).  In  this  case,  an  appraisal  of  the  structure 
being  analyzed  can  be  conducted  only  visually  by  way  of  comparing  it  with  a  set  of 
micrc^hoto^raphs  of  the  scale. 

high- 

Examples  of  such  scales  are  as  follows:  scale  of  carbide  heterogeneity  of  ;fSW: 

soeed  typifying 

cufefeicg  steel  based  or.  GOST  5952  -  51,  scales  KjtjSXgjfiX  the  degree  of  rectilinearity^ 
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nature  of  distribution  and  orientation  of  graphite  of  gray  iron  based  on  GOST 


3443  -  46,  scales  for  appraising  the  structurally  free  cementite  and  striated  thin- 
layered  fflgiyKiTKHfX  high-quality  steel  based  on  GOST  5640  -  51,  scales  of 


normetallic  inclusions  $XX  based  on  GOST  1778  -  42  and  GOST  801  -47  and  others. 

are 

The  scales  of  the  second  category /based  on  a  fixed  dependence  between  the 


index  number  of  the  structure  in  the  scale  and  the  value  of  the  geometric  parameter 
microstructure 

of  the  MMSXJWSDBSSXS.  (or  of  its  elements),  being  measured  and  being  characterized 
by  the  given  scale.  In  certain  cases,  this  dependence  is  expressed  by  a  formula, 
linking  the  number  (point)  with  the  value  of  the  parameter,  but  more  often  the  values 
of  parameter  for  any  given  number  are  established  arbitrarily.  The  estimate  of  the 
structure  can  be  conducted  both  approximately  by  visual  comparison  with 


'micrcphotographs  of  a  standard  scale  as  well  as  more  objectively  and  accurately  by 


way  of  direct  measurement  of  the  pertinent  parameter  of  the  structure  under  a 
microscope  or  on  a  ^dcroj^hoto^raph .  However  the  structure  is  evaluated  not  by  an 
actual  figure  derived,  but  by  a  conventional  number  or  point  connecting  the  fixed 


limits  of  values  of  the  parameter  being  measured. 


lrf9this  category  of  scales,  there  belong  the  scales  for  evaluating  the  value 
of  grain  of  steel  based  on  GOST  5639  -  51  and  the  standard  E  19  ASTM,  a  MSS4  series 
of  scales  GOST  3443  -  46  for  estimating  the  various  elements  of  structure  of 

gray  iron  (quantities  and  dispersions  of  polite,  quantity  of  graphite,  lengths  of 

deposits) .  method  of  contamination 

graphite  determining  the  index  of  foaidag  of  steel  by  nonmetallic 


inclusions  based  on  GOST  1778  -42  and  others. 


The  main  disadvantage  of  using  these  scales  is  the  planar  estimation  of 


microstructure  ar.d  of  its  separate  elements,  upon  which  we  will  dwell  separately 


(see  Section  5).  Here  we  will  examine  only  the  secondary  but  very  substantial 
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shortcomings  of  estimating  the  structure  by  points  with  the  aid  of  scales. 

In  visually  comparing  the  analyzed  structure  with  ^td. crgfah oto)?raphs  of  the 
scale  in  place  of  direct  measurements  or  calculations  we  naturally  decrease  the 


accuracy  of  the  appraisal  and  deprive  it  of  objectivity.  Therefore  the  results 


of  such  an  appraisal  can  be  regarded  as  approximate,  having  a  semiquantitative 


nature. 


For  instance,  let  us  examine  the  MX  results  of  the  use  of  four  sever-point 


scales  developed  by  V.Ye.Kuksinskoy,  V.N.Tyuler.ev  and  M.D.Chaykovskiy  for 

evaluating  four  basic  elements  of  the  structure  of  gray  iron  (graphite,  KX  polite, 
phosphorous 

ferrite  and  pM$K32EM  eutectic)*  These  scales  are  typical  for  scales  of  the 
first  Category*  In  aft  evaluation  of  the  structures  by  three  observers  (based  on 


the  same 


microslides)  the  discrepancies  in  the  estimates,  based  on 


data  of  the  actual  authors  of  the  method  (3lbl*9)»  amounted  to:  divergences  by 
3  points  •  4  cases,  by  2  points  10  c&ses^y 

1  point  -  27  cases  and  the  estimates 


coincided  in  7  cases., 


Thus  it  turned  out  that  only  in  15$  of  the  cases  did  the  data  of  all  three 
observers  coincide*  Obviously*  such  a  method  can  by  no  means  be  termed  quantitative. 
£M  Certain  modifications  of  the  method  of  visual  appraisal,  reducing  to  a 


separate  determination  of  points  for  a  number  of  fields  of  vwwn  with  a  .  ..'"sequent 


calculation  of  the  average  point  etc.,  did  not  increase  the  accuracy  of  results 

accurately, 

substantially.  In  Fig.l  we  show  the  dependence  or,  more  the  JMI  total 


lack  of  dependence  between  results  of  appraising  the  nonmetallic  inclusions  by  the 


mean  arithmetic  point  based  on  the  scale  GOST  801  -  47  in  comparison  with  the  data 


obtained  by  the  method  of  P.I.Melikhov  (Bibl.10),  based  on  direct  calculation  of 


nonmetallic  inclusions  and  their  measurement. 


Figure  1  is  based  on  experimental  data,  obtained  by  EXIXMXK|lX0X 

for  samples  of  ball  iSH  bearing  steel  SHKH15. 

A  second  important  disadvantage  of  the  principle  of  constructing  scales  of 

this  type  is  their  gradated  nature  and  the  system  of  evaluation  by  conventional 
actual 

points  and  not  by  £00501  values  of  geometric  parameters  of  structure.  In  this 
connection,  we  cannot  extend,  in  case  of  necessity,  the  scale  in  any  direction  or 

y 

differentiate® more  finely  dn  a  sector  of  interest  to  us.  The  gradated  structure 

of  the  scale  predetermines  the  standards  of  requirements  for  any  given  parameter  of 

the  structure  or  for  the  structure  as  a  whole,  whereas  the  establishment  of  these 

standards  is  the  matter  of  the  pertinent  technical  specifications  or  qualitative 

standards.  Applying  the  gradated  appraisal  S$p  by  points  or  by  numbers,  we 

clarify 

move  beyond  the  limits  of  visibility  of  the  method  of  analysis.  V/#  will  MIMf 
this  proposition  by  an  example. 

Let  us  suppose  that  the  mechanical  or  physical  properties  required  of  the 
given  items  made  of  gray  Iron  are  guaranteed  by  the  amount  of  free  carbon 
(graphite)  in  the  iron  within  the  limits  from  2.k  to  3.0#  (by  weight),  or  from 
7»7  to  9,5%  of  the  volume  of  iron,  VSMfUHil  occupied  by  graphite.  According  t© 

o  •} 

© 

Steel 

Fig.l  -  Comparison  of  Appraisals  of  Fouling  of  by  IJonmetallic 

Inclusions,  Using  the  Kean  Arithmetic  Point  HX  Based  on  GOST  SOI  -  L7 
and  Based  or.  the  Method  of  P.I.Kelikhov.  Based  on  Data  of  P.A.Dvoryar.ov  (Bibl.ll) 
a)  Appraisal  according  to  Kelikhov;  b)  Mean  arithmetic  point  DOST  801  -  LP 
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GOST  3443  -  46,  we  have  the  following  ZttSX  gradations  by  series  of  graphite: 


G  08 . .  6  -  8%  (volumetric) 

G  11 . 9  -  11$ 


Adhering  to  the  standard  classification,  we  cannot  select  a  suitable  type 

of  structure  based  on  quantity  of  graphite,  since  the  limits  of  graphite  content 

established  for  them  do  not  coincide  with  the  limits  needed  by  us.  We  are 

compelled  either  to  depart  from  the  standard  classification  or  else  to  introduce 

into  the  technical  specifications  both  categories  of  graphite;  both  G  08  as  well 

as  G  11,  known  beforehand  to  be  used  for  the  omission  of  a  considerable  fraction 
substandards. 

of  Obviously  in  the  given  case  one  should  not  use  the  gradated 

scale  of  standard  classification  and  should  reject  the  product  based  on  actual 
quantity  of  graphite  and  the  established  concrete  standards  of  its  content. 

The  )SL  scales  of  structures  predetermined  the  gradation  of  variations  in 
elements  of  structures  over  the  entire  range  of  the  scale,  which  often  decreases 
the  accuracy  of  estimate.  In  the  same  GOST  3443  -  46,  for  instance,  provision 
is  made  for  the  following  classes  of  structure  of  gray  iron  according  to  content 
of  perlite: 


P  15  . . less  than  2 5$  of  pgrlite 

P  40  . . . .  25  -  54$  of  perlite 

A 

P  65  .  .  .  . .  55  -  74$  of  perlite 


Sven  in  a  simple  visual  appraisal,  the  actual  content  of  perlite  ir.  the 

h 

structure  can  be  established  much  more  accurately. 

In  the  research  studies,  one  often  uses  fractional  numbers  in  order  to 
differentiate  more  finely  the  structure  in  a  fixed  interval  ard  to  determine  the 
connection  between  the  structure  and  properties  or  composition  of  the  alloy.  However, 
this  car.  be  done  only  in  case  the  dependence  of  the  point  upon  the  parameter  of  the 
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structure  is  expressed  by  a  definite  formula. 


Thus  in  investigating  the  effect  of  copper  upon  properties  of  gun  iron, 
V.A.Davidenkov  estimates  the  values  of  graphite  deposits  in  fractional  points 
(by  numbers)  of  the  scale  ASTM  (Bibl.12).  The  data  obtained  by  V.A.Davidenkov 
(Bibl.13)  are  presented  in  Table  1. 

Table  1 


«) 

i>) 

C) 

d) 

e) 

5 

none 

6,00 

5,00 

6 

0,27 

6,50 

6,50 

7 

0,40 

6,75 

— 

8 

0,62 

7.00 

6,50 

9 

0,82 

7,00 

7.00 

10 

1,02 

7,25 

7,00 

11 

1,20 

7,50 

7,00 

12 

1,53 

7,50 

7,50 

a)  No.  of  smelting;  b)  Copper,  %•,  c)  Amount  of  SK  deposits  of  graphite  based 

melt; 

on  the  ASTM  scale;  d)  First  XXp££  e)  Second  flips  ®S*9&pxxx  melt 


An  evaluation  using  decimals  permitted  us  to  clearly  establish  here  the 


gradual  fragmentation  of  flakes  of  graphite  with  an  increase  in  copper  content  in 


the  iron.  Using  in  the  given  case  only  the  whole  numbers  of  the  ASTM  scale,  it 


was  impossible  tc  obtain  such  a  definite  and  clear  dependence,  using  the  estimate 


of  graphite  based  on  OST  260A9,  in  which  the  graphite  based  on  sizes  of  flakes  has 


only  four  gradations,  it  was  necessary  to  estimate  all  samples  by  the  same  point  G  A 


and  we  did  not  succeed  in  revealing  any  kind  of  general  dependence. 


A  similar  evaluation  using  decimals  (with  an  accuracy  up  to  tenths  of  a 


number)  is  used  by  N.A.Minkevich  for  the  characteristics  of  the  (sizej^yfrrain} in 
high-speed 

mxsetxxxrbfeiJOp:  steel  based  or.  the  ASTM  &SIKI  scale  (Bibl.lA). 
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The  use  of  fractional  numbers,  to  which  researchers  are  forced  to  resort, 


deprives  the  point  evaluation  of  one  of  its  advantages,  namely  to  express  the 
result  of  analysis  by  a  simple  unequivocal  number,  and  to  reduce  the  data  of  the 
analysis  to  a  simple  code. 

In  many  cases,  the  method  of  point  rating  of  structure  leads  to  explicitly 

observed  results.  The  size  of  grain  of  steel  based  on  the  standard  E19  -  33  of 
is 

the  ASTM  XM  determined  as  a  function  of  the  number  of  grains  located  in  one 

square  inch  of  the  area  of  the  slide  at  magnification  by  100  times  (Bibl.16), 

For  various  numbers  of  grains,  the  standard  establishes  the  following  limits  of 

number  of  grains  (in  calculation  per  1  mm2  of  area  of  the  slide)* 

Mo. 8  .  .  .  1488  and  more  No«6  »  »  e  372  ®  744 

No. 7  ...  744  -  1488  !!o,5  ,  .  .  186  *  372  . 

etc.  At  such  a  construction  of  the  scale,  it  turns  out  that  if  we  have  three 

samples  of  steel  In  which  the  numbers  of  grains  per  1  fnm  of  microseetlont  as  a 

IS.  result  of  direct  calculation,  are  found  to  equal  740,  750,  and  1480,  we  are 

compelled  to  designate  the  first  sample  with  the  number  6  and  the  second  and  third 

ones  with  the  number  ?•  IMUJpCUQJ  Hence  the  practically  identical  first  two  samples 

obtained  a  different  code  number,  while  the  second  and  third  samples  in  which  the 

numbers  ef  grains  differ  by  almost  twice,  are  designated  by  the  very  same  number. 

In  any  other  type  of  analysis  or  tests  (chemical,  mechanical)  such  a  gradated  method 

absurd. 

of  evaluation  would  prove  to  be  Unfortunately,  it  is  permanently  accepted 

in  microscopic  SfiXXIIKgMffMM  metallography  and  the  scale  GOST  5639  -  51  is  similar  to 
the  one  examined  above. 

From  what  has  beer,  said  above,  it  follows  that  the  main  disadvantage  of  the 

or 

method  of  standard  scales  is  the  appraisal  using  conventional  points  numbers  and 
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the  stepwise,  8$M2XX  erratic  nature  of  the  scales^  caused  by  this.  To  the  extent 
that  the  method  of  visual  estimate  of  structure  is  distinguished  by  great  simplicity 
and  ffij  requires  a  minimum,  of  time  and  effort,  it  can  be  used  effectively  in  all 
cases  when  the  approximate  evaluation  results  obtained  prove  to  be  acceptable  in 
practice.  However,  for  the  reasons  presented  above,  one  should  gnra.wp  the 
evaluation  of  structures  of  standard  scales  and  results  of  analysis  by  conventional 
points,  numbers  XXX  etc.  It  is  necessary  to  replace  them  by  geometric  parameters 
of  structure  or  of  its  elements  whenever  this  is  technically  realizable. 

To  obtain  more  accurate  and-reliable  results,  the  same  parameters  can  be 
rated  not  visually  but  directly  measured  or  computed  under  a  microscope  or  in 


(mlcr^hotcferaphy. 


Section  3.  SKffK  Standard  Methods  of  Rating  the  Microstructure 


All  the  methods  of  quantitative  estimation  of  microstructure  comprising  both 
the  Soviet  GOST  as  well  as  the  foreign  standards,  proceed  from  the  principle  of  a 
point  rating.  Therefore  the  typical  disadvantages  considered  in  the  previous 
paragraph  are  inherent  to  them.  Along  with  them,  there  exist  numerous  inaccuracies 
and  technical  shortcomings  in  almost  all  standard  scales  and  methods  of  estimation 
and  in  the  means  of  their  practical  accomplishment.  Let  us  consider  here  several  of 
the  most  Important  standard  methods  having  the  most  widespread  use  in  metallographic 


practice. 


One  of  the  oldest  methods  of  such  r  type  is  an  estimation  of  grain  size  of 

steel,  which  was  first  standardized  in  the  USA  in  1933  (standard  of  the 
ASTM 

HEX  E  19  -  33).  This  scale  was  used  even  before  its  standardization  over  a  number 


of  years  in  factories  of  the  USA,  and  later  received  wide  use  in  many  countries, 


including  the  USSR.  It  turns  out  that  both  the  scale  itself  ard  the  methods  of  its 


use  should  be  greatly  revised. 
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At  the  same  time,  the  scales  being  introduced  both  in  American  standards  as 
well  a3  in  GOST  5639  -  51  are  unsatisfactory.  The  series  oymicrc^hotc^raphs  of 
hypereutectoid  steel  consisting  of  eight  numbers,  and  the  scales  (identical  to  it) 
in  the  standards  E  19  -  33  and  GOST  5639  -  51,  provide  an  incorrect  concept  of  the 
grain  size,  corresponding  to  the  given  number  on  the  scale.  As  was  shown  by  us, 
the  structures  for  grain  sizes  No. 2  and  No. 3  of  the  scale  actually  belong  to 
No. 3  and  No. A  respectively,  i.e.  higher  by  one  number  than  that  indicated  (Bibl.17). 
Similar  aiTXKMj&yXTiO?  divergences  are  also  observed  in  a  varying  degree  for 
structures  corresponding  to  other  numbers  of  a  standard  scale.  The  scale  of  sketched 
structures  and  also  the  limits  established  by  standards  for  sizes  of  grains  of  each 
number  are  also  unsuccessful.  In  the  sketched  scale  of  the  standard  of  the 
ASTM  E  19  -  38  T  and  GOST  5639  -  51,  the  grains  are  quite  uniform  in  sizes  and 
the  limits  of  fluctuations  of  these  sizes  within  the  confines  of  an  individual  number 
of  grain  are  considerably  less  than  is  usually  observed  in  actual  structures.  As 
KXK  W.Johr.son  eorreetly  notes,  at  the  most  favorable  circumstances  not  more  than 
half  of  the  grains  visible  on  a  microsection  of  commercial  metal  fall  within  the 
limits  set  by  a  single  number  of  the  scale  of  the  standard  (Bibl.18), 

In  GOST  5639  »  51*  geometric  parameters  of  grains  of  various  numbers  are 
presented*  In  three  columns  of  the  same  table  of  the  IX  standard,  it  is  indicated, 

for  example^ that  grain  Ko*8  characterized  by  an  average  area  of  500  microns^,  by  a 

0 

number  of  grains  from  1  mm^  of  area  of  the  microsection,  equals  20A8,  while  the 

number  of  grains  visible  under  a  microscope  at  a  magnification  of  100  for  an  area  of 
o 

10  cm  equals  192.  A  simple  comparison  of  these  figures  indicates  that  iXMK  they 

p 

contradict  or.e  another.  If  the  average  area  of  one  grain  equals  500  microns  , 
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obviously  the  number  of  grains  for  an  area  of  1  mm^  should  equal  2000  and  not  204?. 

At  the  same  time,  since  the  area  of  10  cm^  at  magnification  of  100  corresponds  to 

o 

the  natural  area  of  the  microsection  equaling  0.1  mm'",  the  number  of  grains  in  this 

area  should  equal  200  and  not  192.  The  parameters  of  grain  of  all  the  remaining 

numbers  of  the  scale  are  characterized  by  just  such  contradictory  data. 

The  techniques  of  calculating  the  grains  are  not  generally  accepted.  In  certain 

cases  it  is  MMiSMM  recommended,  in  calculating  the  number  of  grains  on  the  slide, 

not  to  take  into  consideration  the  "random  fine  grains,  representing  sections  through 

angles  of  actually  large  grains"  (3ibl,19,  20,  21).  Therefore,  the 

researcher  quite  arbitrarily  rates  the  structure  to  the  MX  extent  that  by  actual 

inspection  he  must  solve  M3  an  unsolvable  problem,  namely  which  of  the  fine  grains 

visible  on  the  slide  are  sections  of  really  small  grains  and  which  of  them  represent 

"sections  through  angles"  of  actually  large  grains.  In  other  cases,  it  is  recommended 

not  to  determine  the  average  size  of  grains  but  their  maximum  size  (Bibl.22). 

Understandably,  such  a  diverse  approach  to  calculating  the  grains  makes  their 

appraisal  arbitrary  and  decreases  the  accuracy  of  results. 

It  is  also  inefficient  to  estimate  such  a  practically  important  element  of 

steel  structure  as  nonmetallic  inclusions.  Indicative  in  this  respect  is  the 

conclusion  reached  in  1939  by  the  subcommittee  on  a  method  of  estimating  nonmetallic 

steel 

inclusions  of  the  British  committee  on  the  heterogeneity  of  a  i£MIX  ingot,  which 

examined  many  different  methods  proposed  for  characterizing  the  MX  fouling  of 

steel  by  nonmetallic  inclusions  (3ibl.23):  "A.  All  attempts  of  quantitative  and 

qualitative  determination  of  nonmetallic  inclusions  failed  to  lead  to  the  development 

o'  methods  permitting  the  control  of  the  steel  production  process;  B.  None  of  these 

numbers 

methods  provide  the  possibility  of  obtaining  sufficiently  constant  MMMM  and  cannot 

14 
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serve  as  a  reliable  method  for  estimating  the  quality  of  steel  during  its  delivery 
acceptance; 

and  sasEisfc;  C.  Further  studies  are  recessary  for  finding  a  satisfactory  method  for 


defining  a  r.onmetallic  IMIMIMX  inclusion". 


In  spite  of  the  great  number  of  studies  in  this  area,  XXX  the  methods  (standardized 
later)  of  estimating  the  nonmetallic  inclusions  in  steel  (GOST  1778  -  42, 

GOST  801  -  47)  received  no  better  responses  than  that  presented  above. 


We  will  restrict  ourselves  to  data  of  the  investigation  of  N.K .Sokolov  and 


KXXXXXMXMX  M.I.Vinograd  in  which  there  was  used  extensive  test  material  of  the 


current  inspection  of  the  smeltings  of  ball  bearing  steel  type  XX  ShKhl5  for  several 
years,  and  also  of  a  number  of  experimental  smeltings  (8ibl.24).  The  research 
indicated  that, using  the  method  of  rating  according  to  the  GOST  801  -  47  (rating 
according  to  maximum  point),  suitable  metal  is  often  rejected  in  practice  and  steels 
with  considerably  fouled  r.onmetallic  inclusions  are  passed  (accepted). 


At  a  properly  constructed  method  of  rating,  the  increase  in  the  quantity  of 


samples  from  smelting  should  lead,  generally  speaking,  to  an  increase  in  accuracy 


of  analysis  and  reliability  of  the  result  obtained.  According  to  the  actual 


standard  method,  the  increase  in  number  of  samples  always  leads  to  an  increase  in 


probability  of  rejection,  independently  of  the  degree  of  fouling  of  the  given 


smelting.  This  is  explained  in  that  the  reading  of  the  smelting  is  conducted  on 


the  basis  of  the  maximum  point,  while  the  samples  being  characterized  by  a  fixed 

are 

point  according  to  oxides, /found  in  any  smelting,  but  with  a  frequency  typical  for 


it.  The  more  samples  that  are 


investigated  from  the  smelting,  the 


higher  the  probability  of  finding  a  field  of  vpams  with  a  rating  point  higher  than 


that  permitted,  which  also  leads  to  a  rejection  of  the  smelting.  Thence  it  follows 
that  a  rating  based  or.  3  -  5  samples,  as  is  provided  for  by  the  standard,  often  yields 


random  results. 
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The  authors  of  the  investigation  arrive  at  the  conclusion  that  the  standard 


method  is  unsuitable  as  a  result  of  the  insufficient  reliability  of  inspection, 
that  is;the  results  of  rating  depend  to  a  considerable  degree  not  upon  the  quality 
of  the  smelting  but  upon  the  quality  of  the  control  samples.  Figure  1  presented 
above  also  confirms  the  fortuitous  nature  of  the  estimation  being  obtained  during 
the  use  of  the  standard  methodology. 

In  our  opinion  the  most  important  disadvantage  of  existing  rating  scales  for 
the  impure  state  of  steel  with  nonmetallic  inclusions  is  the  attempt  to  combine 
in  one  scale  the-  rating  of  two  indexes  which  generally  speaking  are  independent 
of  each  other.  These  indexes,  mainly  determining  the  effect  of  inclusions  of  the 
given  type  upon  the  quality  of  steel,  are!  a)  The  general  state  of  impurity  of  the 
steel,  characterized  by  the  part  of  the  volume  of  steel  occupied  by  the  inclusions, 
and  b)  The  dispersed  state  of  inclusions  which  can  be  estimated  by  their  quantity  or 
sizes. 

The  overall  Impurity  of  steel  by  Inclusions  of  the  given  type  deteriorates  the 

quality  of  steel*  However  the  inclusions  occurring  in  the  same  part  of  the  volume 

of  metal  may  have  a  different  dispersed  state,  which  in  its  turn  reflects  upon  the  . 

quality,  of  the  steel.  As  P.A.Dvorysnov  demonstrated,  the  sizes  of  the  inclusions- 

influence 

■extending  to  the  surface  of  contact,  exercise  a  decisive  KHSKX  upon  the  fatigue  . 

chipping  of  the  hardened  bearing  steel.  The  less  the  area  of  contact  of  the 

bodies  of  turning,  the  less  the  maximum  permissible  sizes  of  inclusions  (3ibl,172). 
fouling  of  steel 

At  a  low  overall  li&iOSXKKX  XflT  by  inclusions  of  the  given  type,  quite  large 

inclusions  are  permissible  and  vice  versa.  Thence  it  is  apparent  that  it  is 
to 

necessary  have  a  separate  evaluation  of  the  total  impurity  of  steel  and  dispersed 
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state  of  the  inclusions.  Moreover,  the  existing  scales  are  so  constructed  that  this 


factor  is  not  taken  into  account  in  them  at  all.  The  division  of  scales  into  two 
groups  (being  used  in  certain  cases)  according  to  criterion  of  dispersed  state  of 
inclusions  is  insufficient. 

In  gray  irons,  an  important  element  of  the  structure,  mainly  determining  the 

properties  of  SXMX  iron(  is  graphite.  Based  on  GOST  3443  -  46,  provision 

is  made  for  a  quite  detailed  appraisal  of  the  graphite  deposits.  Graphite  in 

gray  iron  is  classified  according  to  quantity  (6  category's),  according  to  nature 

of  distribution  (5  types),  according  to  length  of  graphite  deposits  (8  groups), 

according  to  ratio  of  their  length  to  thickness  (6  subgroups),  according  to  degree 

of  rectilinearity  (3  kinds),  according  to  nature  of  distribution  (4  forms)  and 

(3  variants).  KMS  However 

according  to  orientation  in  practice  even  this  diversified 

characteristic  of  the  structure  of  graphite  often  proves  unsatisfactory  and  compels 
one  to  resojt  to  scales  other  than  the  standard  ones.  At  the  same  time,  certain 
XJfpM  types  of  standard  evaluation  are  superfluous  and  usually  are  not  applied. 

The  £4  quantity  ef  graphite  is  characterized  by  an  average  percent  of  the  area 
occupied  by  a  graphite  in  the  field  of  $ukon  of  the  microscope.  This  value,  as  we 

shall  see  later,  coincides  with  the  volumetric  content  of  graphite  in  iron.  In 

quantity  standard 

Table  2,  along  with  the  norms  of  the  of  graphite,  according  to  XXX MM 

we  also  present  exemplary  numbers  of  the  corresponding  weight  content  of  graphite 

which  were  computed  by  us.  Carbon  content  in  castings  made  of  construction  gray  iron 

of  various  types  (from  SChOO  XX  to  SCh38-60)  usually  falls  within  the  limits  from 

2.5  to  4.0£  by  weight  (3ibl,25).  Insofar  as  the  quantity  of  bonded  carbon  usually 

comprises  around  0.5  -  0.'7'?,  the  weight  content  of  free  carbon  (graphite)  proves  to 

fall  within  the  limits  from  1.8  to  3.3^.  A  comparison  of  these  figures  with  the 
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Table  2 


a) 

b) 

cl 

<k02 

bstow  3 

below  0,9 

<505 

3-  5 

0,9-1, 5 

<5  08 

6-  8 

1,8-2, 4 

<511 

9-11 

2,7— 3,4 

G  14 

12-15 

3, 7-4, 7 

$17 

ab<w&i5 

otbtve  4  ,7 

a)  Categories;  b)  Quantity  of  graphite,  %  of  area;  c)  Content  of  graphite, 

%  (by  weight)^ 

data  in  Table  2  indicates  that,  although  the  standard  provides  for  six  gradations 
according  to  quantity  of  graphite,  practically  all  types  of  castings  are 

included  by  only  two  categories,  that  is  G08  and  Gil.  The  remaining  four  categories, 
comprising  two  thirds  of  the  scale,  remain  unused  and  the  quantitative  evaluation 
ym  actually  is  converted  to  a  qualitative  one. 

Depending  upon  the  principal  length  of  graphite  deposits,  the  structure  of 
gray  iron  is  subdivided  in  C-OST  3443  -  46  into  eight  types.  A  similar  scale  which 
was  proposed  by  Macon  and  Hamilton  pXJODCUjK  (Bibl»12),  or  standardized  in  the  USA 
in  1941  (standard  A247  -  41T  ASTM).  The  norms  of  our  standard  are  presented  in 
Table  3.  In  the  same  place  the  ncrms  of  the  ASH!  scale  are  also  presented. 

According  to  data  of  N.G.Girshovich,  in  practice  the  most 

frequently  encountered  range  of  sizes  of  graphite  deposits  comprises  from  20  to 
700  microns  (Bibl.25).  The  data  of  Norberf  and  Bolton,  who  investigated  the  sizes 
of  graphite  deposits  in  six  groups  of  castings  with  a  structure  of  graphite  ranging 
from  extremely  fine  to  very  coarse,  coincide  with  these  data.  According  to 

these  data,  the  average  length  of  deposits  dq^r.ot  exceed  150  microns,  and  the 
maximum  did  not  exceed  '700  microns  (3ibl,26),  .TiyiTrfdiXXKIiff  G.U.Troitskiy  considers 
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Table  3 


a) 

b) 

c) 

dl 

e) 

f) 

Gg  1 

&\>m  1000 

960 

1280 

Gq2 

500-1000 

480 

640 

960 

4?3 

250-490 

240 

320 

480 

Gq  4 

120-240 

120 

160 

240 

G«5 

60-110 

60 

80 

120 

Gi  5 

30-50 

30 

40 

60 

Gr  7 

15—25 

15 

20 

30 

beloiAf  15 

— 

10 

15 

a)  Group;  b)  Principal  length  of  graphite  deposits  based  on  GOST  3443  -  46,  microns; 
c)  M  Length  of  graphite  deposits  based  on  the  XfflCM  ASTM  scale,  microns;  d)  Minimum; 
e)  Average;  f)  Maximum 

that  the  practically  most  important  range  of  sizes  of  graphite  deposits  have  a 

length  from  50  to  500  microns,  while  the  actual  range  amounts  to  from  1  to  100  microns 

(Bibl.27).  In  Table  4,  we  present  data  of  measurements  of  graphite  deposits  found 

in  six  groups  of  2£MMMP  castings,  obtained  by  Morber(|  and  Bolton. 

The  data  presented  indicate  that  only  four  or  five  groups  from  the  eight  groups 

of  the  standard,  characterizing  relatively  fine  deposits  (ranging  from  Gg4  to  Gg3 

based  on  GOST  3443  -  46  or  from  Mo. 4  to  No. 8  based  on  the  ASTM  scale)  can  have 

practical  interest  and  wide  use.  Understandably,  this  quantity  of  gradations  is 

insufficient  for  a  differentiated  appraisal  of  the  dimensions  of  graphite  deposits  of 

XXX  diverse  machine  construction  castings  It  represents  only  half  of  the  number  of 

iron 

types  of  construction  gray  XXXiQ!  established  by  GOST  1412  -  48.  Hence,  not  only 
samples  of  various  smeltings  of  the  same  type  of  gray  iron,  but  also  samples  of 
castings  of  related  types  are  usually  rated  by  the  same  group  based  or  the  measurement 
of  graphite  deposits.  This  sharply  limits  the  possibility  of  metallographic  control 

of  the  iron  casting  and,  in  particular,  makes  impossible  the  introduction  of  statistical 
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control  for  the  length  of  graphite  deposits.  Therefore,  in  many  cases,  the 


Table  4 

f 


1  a) 

1 

f>) 

c) 

d) 

1 

4 

20 

2 

10 

30 

5 

25 

100 

10 

100 

200 

15 

125 

250 

40 

150 

700 

a)  Actual  length  of  graphite  deposits,  microns;  b)  Minimum*  c)  Average; 
d)  Maximum 

factories  u3e  their  own  scales,  differentiating  more  finely  the  graphite  deposits 
according  to  length  and  consisting,  e.g,  of  16  numbers.  Above  we  have  already 
presented  another  example  of  a  more  precise  appraisal,  with  the  use  of  decimals  of 
the  ASTM  scale  (see  Table  l). 

S.M.Skorodziyevskiv  measured  a  large  number  of  graphite  deposits  in  the 
castings  of  tractor  bushings,  type  EXIJ  ChTZ  (approximately  based  on  2000 
measurements  for  each  sample)  &K  (3ibl.28)»  Based  on  these  data,  we  have  constructed 
curves  of  the  distribution  of  deposits  based  on  their  length,  shown- In  Fig«2-for 
four  samples.  The  mean  length  of  deposits  for  each  of  them  is  expressed  by  the 
following  numbers! 

No.  of  sample  .  1  2  3  4 

Average  length,  microns  32  36  31  42 

These  figures  indicate  that  the  examined  samples  correspond  in  average  length 
of  graphite  deposits  to  the  numbers  6  and  6.5  in  the  ASTM  scale  (see  Table  3).  At 
the  same  time,  the  distribution  curves  indicate  that  deviations  in  length  of  deposits 
go  beyond  the  artificial  and  unfounded  limits  of  the  ASTM  scale,  which  does  not  refer 
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to  the  GOST  3443  -  46  scale,  inasmuch  as  in  it  there  are  established  the  standards 


of  the  "principal"  length  of  deposits,  and  not  the  minimum  and  maximum  as  in  the 
ASTM  scale. 


We  will  limit  ourselves  to  the  above- considered  standard  scales,  assuming  that 
they  show  quite  clearly  the  disadvantages  of  the  most  widely  used  methods  of  rating 
the  structure  with  the  aid  of  XXX  scales.  All  of  the  methods  of  rating  considered 
in  the  present  section  are  relatively  the  best,  inasmuch  as  an  estimation  based  on 
these  scales  is  connected  with  atXMHKIM  definite  geometric  parameters  of  the 
visible  structure  of  the  metal.  Nevertheless,  the  use  of  these  methods  quite  often 
creates  only  the  semblance  of  a  quantitative  estimation  of  the  structure. 


Fig.  2  -  Distribution  of  Lengths  of  Graphite  Deposits  in 

Tractor  Bushings.  3ased  on  data  of  .VXMISkftltMitfpiiHM  S.K.Skorodziyevskiy  (Bibl.2fi) 
a)Frequency,  %\  b)  Limits  based  on  the  ASTM  scale;  c)  Microns 
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Additional  errors  are  caused  by  the  planar  estimation  of  the  structure, 


instead  of  its  spatial  characteristics.  In  a  number  of  cases,  this  to  a  considerable 
degree  devalues  the  standard  methods  of  analysis. 

Section  4.  Spatial  Structure  of  an  Alloy  and  Methods  of  Studying  It 

From  the  point  of  view  of  its  spatial  structure,  any  metal  or  alloy  can  be 
regarded  as  a  conglomerate,  consisting  of  a  multitude  of  microscopic  bodies,  filling 
the  investigated  sector  of  XM  space,  and  permanently  interconnected  by  surfaces  sr 
contact  with  each  other.  Depending  upon  geometric  outlines  or  process  of  formation, 
these  bodies  are  usually  called  crystals,  crystallites,  deposits,  inclusions,  grains, 
globules,  spheroids,  nests,  flakes,  plates,  small  leaves,  needles  etc.  A  most  common 
term  for  these  microscopic  bodies  can  be  the  concept  "crystallite ",  if  they  all  have 
a  crystalline  inner  structure.  However,  taking  into  account  that  among  them  are 

,  e 

found  the  formations  of  amorphous  structure  (for  instance,  vitrfous  nonmetallic 
inclusions), 

we  propose  a  MK  more  rational  term  "microscopic  particle"  or  MHl 
"micro-particle",  which  we  will  use  in  the  subsequent  discussion. 

Each  micro-particle  (metallic  or  nonmetallic)  is  a  structural  individual  of 
microscopic  structure  of  the  given  metal  alloy,  in  the  same  way  that  the  elementary 
cell  is  such  for  the  crystal  structure  of  a  body.  Micro-particles  represent 
micro-volumes  of  crystal  lattices,  of  one  or  another  phase||  of  alloy  (elements, 

Ml  solid  solutions,  chemical  compounds,  etc,)  if  they  have  a  crystal  structure. 

In  pure  metals  and  alloys  having  a  single-phase  structure,  all  micro-particles 
are  usually  characterized  statistically  by  a  single  type  geometric  form,  for  instance 
by  the  form  of  a  regular  but  on  the  average  of  equi-axial  polyhedrons.  In  other  cases, 
there  is  possible  the  presence  of  two  or  more  groups  of  micro-particles  belonging  to 
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the  same  phase  of  alloy  XMH  and  having  a  uniform  crystal  lattice,  but  differing 

in  geometric  form.  For  instance,  in  soft  steel  we  note  two  groups  of  micro-particles 

of  ferrite;  the  particles  of  one  of  them,  entering  the  composition  of  perlite  are 

characterized  by  a  thin-lamellar  form,  whereas  particles  of  the  second  group 

have  the  form  of  polyhedrons  ("of  a  grain"  of  ferrite). 

The  inner  structure  of  the  vast  majority  of  micro  particles  is  characterized 

bv  a  crystal  lattice,  determining  the  pattern  of  spatial  arrangement  of  atoms, 

comprising  the  micro  particle.  However  the  actual  micro  particles  constitute,  as 

is  known,  complex  formations  consisting  of  blocks  of  a  mosaic  structure.  Also  of 

complex  structure  are  the  transitional  boundary  zones  between  adjacent  micro-particle 3 

pffik'ihlaX  and  blocks;  these  zones  are  not  simple  geometric  MifMMX  interfaces,  but 

have  a  fixed  actual  thickness.  The  composition  and,  hence  the  inner  structure  of 

HdMXpKMMXM  micro-particles , are  heterogeneous  within  the  volume  of  a  separate 

micro-particle  etc.  We  shall  dwell  in  more  detail  on  these  problems  later  on. 

The  actual,  three-dimensional  microscopic  structure  of  metal  is  not 

accessible  to  direct  observation,  since  metal  is  not  transparent.  We  can  see  only 

the  structure,  obtained  in  the  intersection  of  metal  by  the  plane  of  a  metallographic 

microsection,  i.e.  the  two-dimensional  structure  of  a  cut  or  section  of  metal. 

idea 

Nevertheless,  such  a  structure  gives  us  a  direct  and  graphic  IMX  of  the 

microstructure 

microscopic  structure  of  the  metal.  The  visible  two-dimensional  should 

serve  as  initial  material  for  recreating  according  to  it  the  patterns  of  actual 

and  (rriicr ochotoVraphv . 

three-dimensional  microscopic  metal  structure.  In  metallography 

or  when  observing  in  a  microscope,  the  planar  structure  is  considered,  with  very  rare 
exceptions,  as  the  final  goal  of  the  analysis  being  conducted,  in  spite  of  the  fact 
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that  with  appropriate  processing,  they  could  yield  a  more  complete  data  concerning 


£ 


the  spatial  microscopic  structure  of  the  metal.  As  we  noted  above,  the  object  of 
all  standardized  methods  of  metallographic  analysis  is  also  comprised  by  planar 
microstructure. 

An  important  advantage  of  metallographic  analysis  is  the  clarity  of  the  pattern 
being  observed;  however  this  clear  pattern  is  rarely  used  for  a  more  precise  spatial 
estimation  of  the  geometric  parameters  of  the  structure;  this  is  the  source  of  the 
disadvantages.  The  metallographer  often  overlooks  the  fact  that  the  visible 
structure  of  a  microsection  is  only  a  portrayal  or.  the  surface  of  a  spatial 
microscopic  structure  of  the  alloy. 

The  plane  elements  of  the  visible  microstructure  exist  only  on  the  slide, 
comprising  random  sections  of  microparticles  of  various  phases  of  the  alloy.  All 
those  geometric  parameters  of  two-dimensional  structure  which  we  can  measure  or 
compute  on  a  microsection,  do  not  exist  in  an  actual  three-dimensional  structure 
of  an  alloy,  although  they  are  connected  with  it  and  are  determined  unequivocally 
by  it. 

A  knowledge  of  the  form  of  dependence  of  geometric  parameters  of  a  plane 
structure  upon  the  spatial  structure  of  an  alloy  is  quite  mandatory  in  developing 
any  method  of  quantitative  appraisal  of  the  microstructure.  The  disregarding  of  this 
condition  often  leads  to  the  obtainment  of  distorted,  and  sometimes  of  quite  erroneous 
concepts  concerning  the  actual  structure  of  the  alloy. 

A  study  of  the  KM&XKM  structure  of  alloys  in  connection  ’with  the  processes 
of  thermal,  mechanical  and  other  types  of  action  upon  it  can  give  us  a  correct 
concept  of  the  physical  nature  of  the  transpiring  processes  of  corversior.s  or  changes, 
in  an  alloy  only  when  we  quantitatively  link  the  factors  of  outer  effect  and  indexes 

2k 


of  properties  of  the  alloy  with  the  geometric  parameters  of  its  actual  spatial 


structure.  To  seek  a  quantitative  dependence  among  these  factors,  indexes  of 


properties  of  allo^and  parameters  of  plane  microstructure  of  it  is  iust  as 
unfeasible  as  establishing  a  dependence  between  the  properties  and  behavior  of  a 


rystal  and  its  x-ray  photograph,  not  having  determined  in  advance  according  to 


it  the  parameters  of  true  structure  of  the  crystal  lattice. 


If  we  limit  ourselves  to  a  quantitative  characteristic  of  only  the  plane 


microstructure  of  the  alloy,  in  the  optimum  case  we  succeed  in  establishing  only 
semiquantitative 

the  empirical,  dependences  among  its  parameters  on  the  one  hand, 


and  on  the  other  between  the  composition,  properties  and  machining  of  the  alloy. 


One  can  establish  the  physical  nature  of  these  dependences,  find  or  verify  the 


laws  determining  them,  generalize  and  extend  them  to  other  cases  only  when  one 


proceeds  from  the  true  three-dimensional  structure  during  the  evaluation. 


Section  5.  Inadequacy  of  a  Plane  Evaluation  of  Microstructure 


In  metallographic  terminology,  there  is  much  confusion  in  the  definitions  of 


the  geometric  form  of  various  elements  of  structure?  this  confusion  is  caused  by 


the  fact  that  in  the 


selection  of  a  definition,  sometimes  one  proceeds 


from  a  plane  picture,  being  observed  on  the  MXMXYIM  microsection,  and  sometimes 


uses  the  actual  spatial  structure  of  the  alloy  as  a  basis.  Therefore  one  can  find 


in  metallographic  practice  such  definitions  as  "twinning  plane"  and  "twinning  line", 
"plate  of  ferrite"  arid  "strip  of  ferrite"  (in  pdfJuLite),  "boundary  surfaces"  and 
"lines  of  boundaries",  "cementite  shell"  and  "cementite  grid",  etc.  Therein,  almost 
never  are  indications  made  as  to  what  exactly  is  intended  -  a  plane  structure  of  a 
spatial  structure.  For  instance,  in  GOST  3443  -  46,  one  speaks  of  the  "thickness" 


of  graphite  deposits  of  gray  iron,  whereas  actually  what  is  meant  is  the  width  of 


sections  of  graphite  plates  visible  on  the  microsection.  As  a  result  of  the  vagueress 


composition 

in  terminology,  there  develops  an  erroneous  concept  of  the  SEiffiffl  of  a  given 


element  of  the  structure. 

the  microjpar titles 

For  instance,  according  to  a  generally  accepted  definition , XXXMIXXXpXKIXIX 
of  the  phase  Cu^Sn^  in  MKXXXXj:  babbit»  have  a  "needlelike M  structure  and  are 

| 

usually  called  "needles".  In  their  time,  K.P.Slavinskiy  and  N.L.Kleyman  extracted 

these  micro  particles  from  semiliquid  babbit  B-83  by  the  method  of  hot 

quartzitic 

filtration  in  vacuo.  Filtration  was  done  through  a  filter  made  of  XjpfflfiEGSDElX  sand 

microparticles 

at  temperatures  of  280  and  240°.  XK  In  Fig. 3  we  show  a  view  of  solid 

microparticles 

(Bibl.29)  filtered  off  at  240°.  We  observe  that  the  Cu^Snj  jXMMJ§flSCE!MKXX  actually 

have  the  shape  of  rods  or  needles.  These  rods  prove  to  be  the  centers  of 

microparticles, 

crystallization  of  the  SnSb  having  a  MX  cubic  form.  On  the 

microparticles 

surface  of  the  microsection,  the  sections  of  Cu^Sn^  have  the  form 

more  or  less 

of  MXXXXXXXX  extended  eiipses  and  sometimes,  when  the  axis  of  the  "needle" 


coincides  closely  XXXg  enough  with  the  plane  of  the  microsection,  have  the  form  of 

with  reference  to  microparticles 


KXXXIXM  "needles".  Hence, 


of  the 


MXXXpX  type  KX  Cu^Sr.j  the  concept  "needles"  refers  to  actual  three-dimensional 

structure  of  micro  particles  of  this  phase  of  alloy  and  is  quite  correct. 

At  the  same  time,  over  a  period  of  decades  the  XXXXpX  concept  has  been  retained 

or  acicular 

of  the  martensite  of  hardened  steel  as  of  a  structure  having  a  "needle '^structure, 

»  •  O 

wliich  does  XX  not  correspond  at  all  to  reality,  A«P.Gulyayev  and  Ye.V.Petunina 
convincingly  demonstrated  that  in  XX  reality  martensite  has  a  platelike  spatial 
structure,  while  the  JKXXXXXX  "needles"  visible  or.  the  micr bisection  are  traces  of 


martensite  plates  or.  the  plane  of  the  microsection  (3ibl.30,  31).  The 

authors  measured  the  thickness  of  plates 

of  martensite  in  type  16C1  steel,  which 

xamjgsf^c 

fell  within  the  limits  of  from  3.92  up  to  4.52  microns.  At  such  a  slight  thickness, 
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it 

the  chance  of  coincidence  of  plane  SHK  of  a  plate  with  the  plane  of  a  microsection 
is  quite  trivial.  Nevertheless,  A.P.Gulyayev  and  Ye. V.Petunina  managed  to  detect 

and  photograph  several  martensite 
plates  which  coincided  with  the  plane 
of  the  microsection.  One  of  them  is 
shown  in  Fig. k  which  also  constitutes 
M  an  additional  confirmation  of  the 

platelike  structure  of  martensite.  Hence, 
in  this  case  the  X&M  concept  "needle” 
JCEH  already  refers  not  to  a 

three-dimensional  structure  but  to  a 
two-dimensional  section  of  microparticles 
being  observed  on  the  microsection. 


Fig. 3  -  Needle-Shaped  Microparticles 
of  Cu^Snj  and  SnSb  Micro  Particles  of 
Cubic  Form  Taken  from  Babbittby  the 
Method  of  Hot  Filtration.  The  diagram 
is  based  on  a  photograph  -e#  kj 
M.P.Sla vinskiy  and  N.L.Kleyman  (Bibl.29) 


A  similar  duality  of  approach  to  evaluation  of  the  form  of  micrcTparticles  in 
itself  leads  sometimes  to  serious  results.  For  instance,  the  author  of  one  paper 
suggested  three  formulas  for  computing  the  volume  of  the  transformed  phase  as  a 
function  of  the  time  of  isothermic  delay,  at  differing  uniform  state  of  growth  of 
nuclei:  raesedimensional  ("of  a  needle"),  two-dimensional  ("plate")  and  three- 
dimensional  ("spherolite").  An  experimental  checking  of  the  formula  for 
mor.odimensional  growth  was  conducted  for  the  isothermic  transformation  of  supercooled 
MMMXi  austenite  ii^XX£dIMIiMJIX  "needlelike "  troostite,  where®  there  was 
obtained  a  good  coincidence  of  calculation  with  experiment  (Bibl.32).  However  since 
in  reality  the  "r.eedlelike"  troostite  as  well  as  the  "needlelike"  martensite  have  a 
lamellar  form,  experimental  checking  actually  refuted  the  formula  of  the  author  and 
did  r.ot  confirm  its  validity. 
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Fig. A  -  Martensite  Formation  (White  Component),  not  Having  a 
Needlelike  Form,  -  flfe  Plane  of  Microsection  Coincided  with 
Plane  of  Martensite  Plate  [after  A.P.Gulyayev  and  Ye.V.Petunina 
(Bibl.31)  ] 

Obviously,  it  is  necessary  to  stick  to  a  single  approach  in  the  choice  of 

terms  typifying  the  geometric  form  of  structural  elements,  which  should  be 

microparticles. 

chosen  based  on  the  actual  three--&3$  dimensional  structure  of  fiX8MX$X£SiQ£I&XX  In 
those  cases  when  one  is  discussing  the  parameters  of  two-dimensional  structure,  the 
use  of  the  appropriate  terms  should  be  specifically  spelled  out. 

In  a  quantitative  evaluation  of  the  microscopic  structure  of  metal,  it  is 
quite  necessary  to  link  the  parameters  of  plane  structure  with  the  parameters  of 
spatial  structure.  The  lack  of  such  a  linkage  may  comprise  a  source  of  grave  errors 
and  of  incorrect  conclusions.  For  instance,  IX  I.L.Mirkin,  having  investigated  the 
processes  of  secondary  crystallization  of  steel,  remarks:  "A  simple  counting  of  the 
grains  (this  means  the  two-dimensional  grains  in  the  plane  of  a  microsection  -  S.S.) 
or  a  measurement  of  their  size  leads  to  a  quite  untrue  conclusion  concerning  the 
linear  rate  of  crystallization  and  rate  of  nucleation.  Analysis  and  experience 
indicate  that  a  large  number  of  grains  in  the  microsecticn  sometimes  can  be 
detected  during  a  &XX  low  value  of  rate  of  nucleation  and,  contrariwise,  a  small 
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number  of  grains  are  detected  in  case  of  a  high  rate  of  nucleation.  Such  an 


externally  paradoxical  phenomenon  ensues  from  the  inequality  of  sizes  of  grains 

and  the  need  of  referring  them  to  the  volume  of  steel,  whereas  the  counting  is 

conducted  on  the  plane  (surface)  of  the  raicrosection.  This  same  circumstance  needs 

to  be  taken  into  account  in  a  determination  of  the  quantity  and  size  of  slag 

inclusions,  carbides,  oxides  and  other  deposits  usually  being  determined  under  a 

microscope;  based  on  the  latter  condition,  the  existing  methods  of  their 

the 

microanalysis  required  a  reexamination,  and  our  concepts  regarding  XXfflffi  number 
of  them  present  in  steel  are  basically  erroneous"  (Bibl.33)» 


sections  of  this  grain,  not  connected  one  with  the  other  in  the  plane  of  the 
microsection.  Therefore  we  will  naturally  take  them  for  two  independent  grains 
in  the  counting  of  the  number  of  plane  grains  and  in  a  determination  of  the  average 
area.  The  more  complex  the  shape  of  the  three-dimensional  grains,  at  one  and  the 
same  average  volume  of  them,  the  more  the  two-dimensional  grains  that 

will  be  observed  per  unit  &  area  of  microsection,  the  greater  will  be  the  lack  of 
correspondence  between  the  actual  and  apparent  size  of  the  grain. 

In  case  of  especially  complex  forn&of  spatial  grains,  on  the  microsection  there 

may  even  be  observed  tgfe  so-called  "isolated  grains",  described  first  by 

V.N.Sveshnikov  (3ibl.34)  and  later  noted  by  V.M.Zamoruyev  in  SffipX  samples  of 

cuprous  soft  K&  steel  (3ibl.35).  Such  a  grain  would  be  more  correctly  termed  "  a  grain 

within  a  grain",  since  the  boundaries  of  the  "isolated"  grain  on  the  microsection 

represent  a  closed  curve#,  not  contacting  the  network  of  lines  of  boundaries  of 

other  grains.  In  Fig. 6  we  show  the  microstructure  of  XMXMXX  austenite  steel, 

containing  1855  Cr  and  Ni  (Bibl.36),  in  which  one  can  see  three  such  "isolated" 

grains,  indicated  by  arrows.  Judging  by  the  orientation  of /lines  j^boundar^#  on 

the  microsection,  two  of  them  located  farther  to  the  right  belong  to  one  and  the 
to 

same  spatial  grair./which  fflflMMXXjjf  there  evidently  belongs  the  elongated  flat  grain 
located  somewhat  lower. 

Isolated  (HflHMHK}  grains  occur  relatively  rarely.  However,  very  often  in 
microslides  one  finds  grains  located  close  together,  revealing  a  uniform  color  in 
case  of  deep  pickling  or  a  uniform  orientation  of ^line s^ ofe^lippago,  which  serves  as 
a  confirmation  of  their  belonging  to  one  and  the  same  volumetric  grain. 


Fig. 6  -  Isolated  Grains  in  Austenite  Steel  (18*  Cr  and  8*  Ni) 

(3ibl.36) 

The  Mg  regular  shape  of  grains  approaching  a  spherical  shape  also  does  not 

protect  us  from  mistakes,  if  the  judgment  of  the  average  size  of  a  three- 

dimensional  grain  is  based  on  measurement  of  the  average  area  of  two-dimensional 

grains  or  on  a  counting  of  the  number  of  grains  in  a  fixed  area  of  a  cut  $XX 

equiaxial 

(microsection).  At  single-phase  structure  and  mpxjeaarisck  shape  of  grains,  the 

u 

dependence  between  the  quantity  of  KM  three-dimensional  grains  per  unit  fit 
volume  of  metal  and  the  number  of  their  sections  per  unit  area  of  microsection 
may  be  expressed  by  the  following  equation 

N  —  kn'2 ,  •  (5.1) 

where  N  is  the  number  of  three-dimensional  grains  per  1  mm-^  of  metal; 

p 

r.  is  the  number  of  their  two-dimensional  sections  per  1  mm  of  cut. 

The  value  of^coefficient  k  depends  upor^fluctuation  in  sizes  of  three-dimensional 
grains.  For  the  usually  observed  structures,  the  values  of  this  coefficient  change 
within  limits  ranging  roughly  from  0.75  to  l.C.  Thus,  even  at  an  ideally  regular 
form  of  grains  and  at  one  and  the  same  number  of  two-dimersional  grains  occurring 
in  the  cut,  the  quantity  of  three-dimensional  grains  per  unit -fp-  volume  of  metal 
and  the  average  volume  of  grain  may  differ  within  the  limits  of  around  25*j  owing  only 
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to  the  fluctuation  of  their  sizes.  Thence  it  is  clear  that  the  value  of  only 
the  number  n  is  not  enough  for  judging  the  actual  dimensions  of  average 
three-dimensional  grain/?  Therefore  the  standard  method  of  determining  the  grain 
size  based  on  GOST  5639  -  51  cannot  furnish  a  correct  concept  of  the  true  grain 
size,  even  if  it  is  ideally  uniform  in  shape*.  The  presence  of  grains  with  concave 
surface  increases  the  error. 

The  same  takes  place  in  a  determination  of  the  quantity  and  sizes  of  nonmetallic 
inclusions.  We  present  the  following  example  (according  to  I.L.Mirkin):  if,  per  unit 
.  a?  volume  of  one  type  of  steel  ^here  are  1000  inclusions  20  microns  in  diameter, 
while  in  another  type  of  steel  there  are  2000  inclusions  with  a  diameter  of  10  microns, 
in  a  micrcanalysis  of  the  MflQSXK  samples  of  both  steels,  we  will  observe  approximately 
the  same  quantity  of  them  per  unit  0  area  of  the  microsection  (Bibl.37).  In  any 
steel,  the  inclusions  are  heterogeneous  in  sizes.  Thence  it  follows  that, based  on 
the  quantity  of  inclusions  in  a  cut,  one  can  by  no  means  obtain  a  proper  concept  of 
the  fraction  of  large  and  small  inclusions,  concerning  the  total  quantity  of 
inclusions  or  the  degree  of  contamination  of  the  steel. 

The  parameters  typifying  the  kinetics  of  the  process  of  crystallization  are 

determined  according  to  the  change  in  quantity  of  micrcQDarticles  of  the  newly  forming 

^0/ 

phase  and  their  sizes  function  of  time  of  the  isothermic  soaking.  For  round 
microQ/articles,  the  following  mathematically  precise  relationship  between  the 

*  Here  it  is  appropriate  to  note  that  the  term  "actual  grain",  being  used  in 

GOST  5639  -  51  for  signifying  the  actual  size  of  plane  grains  of  steel,  is  quite 

unsuccessful.  3v  "actual"  grain  it  is  natural  to  M2SX  understand  the  true 

three-dimensional  grair$of  steel,  in  contradiction  to  the  visible  size  of  two 
KK  in, 

dimensional- grains  Sjrthe  microsection,  which  could  lead  to  &X  misunderstandings. 
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Fig. 7  -  Displacement  of/lAnes  ^SM%K£l/3ouridara||q  of  Aluminum 
Grains  on  a  Cut  at  600°.  Solid  lines  equal  after  two  minutes  of 
soaking,  broken  lines  equal  after  an  additional  30  sec  soaking. 

The  diagram  is  taken  from  a ^rnicrc^Fiotc^raph  (Bibl.39) 

,  In  Fig. 7,  based  on  photomicrography  (Bibl.39),  there  is  shown  the 
grain  boundary  lines 

displacement  of  on  a  cut  of  aluminum:  the  solid 

lines  show  the  position  of  boundaries  after  two  minutes  of  soaking  at  600°, 

while  the  broken  lines  show  the  same  after  an  extra  30  sec  soaking  at  the  same 

temperature.  The  displacement  of  any  sector  of  the /line  -»f/Eoun5ar^9  between 

two  adjacent  grains  may  be  characterized  by  a  fixed  linear  velocity,  but  if  this 

rate  is  positive  with  reference  to  one  grain  (growth),  then  it  is  negative  in  relation 

'to  the  second.  If  we  examine  the  polycrystal  as  a  whole,  the  average  rate  of 

displacement  will  obviously  equal  zero.  One  could  have  taken  into  consideration 

the  displacement  of  boundaries  only  of  growing  grains,  but  from  the  drawing  it  is 

shift  at 

apparent  that  the  boundaries  of  the  same  grain  may  a  positive  rate 

at 

at  or.e  place,  and  tff-th  a  negative  rate  at  another  place.  Hence,  "linear  rate  of 

proves  a 

displacement  of  boundaries"  in  the  given  case  IX/very  indefinite  and  conditional 
concept. 


In  spite  of  the  fact  that^more  than  20  vrs  ago,  I/.  I.L.Mirkir,  proved 


the 


% 
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They  show  how  the  quantity  of  deposits  on  a  sTtM  microsection  actually  changes 

depending  upon  the  duration  of  XMJKXI  annealing  at  9?0°C. 

Comparing  the  computational  and  test  ££££  curves,  it  is  easy  to  see  that 

between  them  there  exists  neither  a  quantitative  or  even  a  qualitative  correspondence: 
XXXiq&m  in  place 

XKM33iM/of  the  expected  growth  of  the  number  of  clusters,  IK  the  number  decreases. 

It  is  obvious  that  the  process  of  graphitization  transpires  at  prepared  centers 
(nuclei),  while  the  quantity  of  deposits  continually  decreases  in  the  process  of 
isothermic  annealing  owing  to  their  coagulation.  The  actual  term  "nucleation" 
under  these  conditions  leases  meaning  and  our  concept  of  the  kinetics  of'lfc' 
graphitization  process  should  be  reexamined. 


Fig. 8  -  Kinetics  of  Change  in  Quantity  n 

o 

of  Graphite  Deposits  per  1  mm  of  Cut  in 


The  example  presented  shows  that  a 
study  of  the  spatial  structure  of  alloy 
proves  quite  effective  in  checking  by 
experiment  the  correctness  of  any 
hypotheses  and  theories  IX  connected  with 
transformations  in  alloys.  According  to 
the  successful  expression  of  S.S. Smith  and 

L.Guttman,  the  thinking  of  scientists  is 

dimensionality 
usually  limited  by  the  same  fflMKXflBEnrrEjf 

which  is  possessed  E$XK  by  the  structures 

studied  by  them  (Bibl,43).  Therefore  only 
from 

change  K&  a  study  of  plane  structure  to 

a  study  of  three-dimensional  structure 
correct 

can  give  a  concept  of  the 


the  Process  of  First  Stage  of  Graphitization 
of  Three  Smeltings  of  White  Iron  (Curves  2, 

3  and  A).  Based  on  data  of  3. F. Sobolev 
(3ibl.42) 
a)  Time  (hrs) 

SSXSEB 
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nature  ana  physical  essence  of  pner.omena  being  observed  in  alloys. 

What  has  been  stated  shows  convincingly  enough  the  helplessness  and 

inadequacies  of  the  quantitative  evaluation  of  a  plane  structure,  if  it  is  not 

tied  in  with  the  spatial  structure  of  the  alloy.  The  rational  and  most  effective 

way  of  developing  metallographic  analysis  requires  the  use,  not  of  the  quantitative 

characteristic  of  structure  in  general,  but  such  an  evaluation  which  would  be  based 

on  the  spatial  structure  of  the  alloy.  Both  the  parameters  of  spatial  structure 

as  well  as  the  parameters  of  plane  structure,  on  the  basis  of  which  they  may  be 

quantities  kind 

computed,  should  be  evaluated  as  natural  geometric  without  any  KIM  of 

coding  or  designating  them  with  conventional  point  symbols  or  numbers. 

Section  6.  Basic  Parameters  of  Spatial  Structure 

The  form  of  particles  making  up  a  metallic  aggregate  is  rarely  geometrically 

uniform.  The  microparticles  can  be  convex  geometric  bodies,  but  can  also  be 

bounded  by  concave  surfaces.  Quite  often  the  microparticles  have  dimensions 

which  are  about  uniform  in  all  directions  microparticles  -  grains, 

globules,  spheroids).  However,  microparticles  can  also  occur  in  which  the 

dimensions  in  two  directions  predominate  considerably  over  the  dimension  in  a 

lamellae 

third  direction  (plates,  small  beeves),  or  actual  particles  having  a  predominating 

dimension  only  in  one  direction  (needles,  threads,  rods).  In  certain  cases,  the 

microparticles  are  relatively  massive  formations  with  closed  internal  cavities, 

filled  with  microparticles  of  other  phases  or  structural  components  (ferrite  with 
pearlite , 

granular  cementite  in  ledeburite^  etc.) . 

The  sizes  of  microparticles  also  change  within  wide  limits  in  a  given  small 
volume  of  alloy,  which  is  the  object  of  micrcT^nalysis. 

The  mutual  arrangement  of  microparticles  of  one  or  of  several  phases  is  random 
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and  even  in  the  presence  of  certain  laws  (for  instance,  during  transcrystallization 

or  in  plastically  deformed  metal)  it  can  never  be  presented  as  geometrically  regular, 
instance, 

similar,  for  to  the  arrangement  of  atoms  in  the  points  of  a  crystal  lattice. 

It  would  seem  as  if  these  circumstances  would  create  insuperable  difficulties 


in  the  desire  to  evaluate  the  structure  of  an  alloy  by  ar^ geometric  parameters, 


characterizing  the  shape,  dimensions,  quantity  and  arrangement  of  microparticles. 
These  however,  are  only  apparent  difficulties. 


It  is  quite  convenient  to  apply  the  statistical  study  methods  to  the 


microscopic  structure  of  an  alloy.  Just  as  any  geometric  body,  the  microscopic 


particles  possess  fixed  linear  dimensions,  volume,  size  of  surface,  shape,  and  are 


present  in  some  quantity  in  a  unit  volume  of  the  alloy.  Therefore  the  most 


efficient  method  of  characterizing  these  microscopic  geometric  bodies  is  to 

evaluate  them  by  the  same  parameters  which  were  adopted  for  characterizing  t® 

geometric  bodies  in  general:  their  size,  by  linear  dimensions  or  volume;  fetexsurface, 

the  number  of 

by  their  area;  aneMtafe  dispersed  stately  of  microparticles  per  unit 

form  factor;  etc. 

volume;  shape, by  the  Understandably,  here  we 

quantities. 

are  discussing  only  the  statistically  average  values  for  the se  .  In  many 

cases,  there  is  no  need  to  typify  any  given  group  of  microparticles  of  fixed  phase  > 

at  the 

even  .'as:  average  values  o^  parameters  of  their  sizes  and  shape.  It  is  usually  enough 
to  evaluate  the  entire  combination  of  particles  of  a  given  phase  by  such  parameters 
as  the  total  volume  of  particles  or  the  total  surface  of  them  per  unitiafc  volume  of 
the  alloy,  if  a  more  complete  characteristic  is  inaccessible  to  us.  The  combination 
of  dimensional  and  quantitative  parameters,  obtained  for  particles  of  each  structural 


group  or  phase,  is/quite  objective,  accurate^ and  sufficient  characteristic  of  the 
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l 


microscopic  structure  of  the  object  being  analyzed,  as  a  whole. 


The  selection  of  parameters  of  spatialljf  microscopic  structure  of  an  alloy, 


which  can  feasibly  be  measured  during  metallographic  analysis,  is  determined  by 
the  role  ^(elements  ^Jmicrostructure)-igiff  ^ypified  by  these  parameters,  in 


the  processes  of  transformations  and  alloys  and  their  effect  upon  the 
properties  of  the  alloy.  At  the  same  time,  these  parameters  should  be  determined 
by  the  application  of  technically  accessible  bulHtoo  unwieldy  and  sufficiently 
precise  methods  of  metallographic  analysis. 

From  this  viewpoint,  the  most  important  characteristic  of%icroscopic  structure 
of  an  alloy  is  its  quantitative  volumetric  structural  or  phase  composition,  by  which 
we  mean  the  fraction  of  each  structural  component  or  phase  in  the  volume  of  the 
alloy,  usually  being  expressed  in  volumetric  percentages.  In  a  study  of  the 

kinetics  of  structural  transformation  in  alloys,  the  change  of  structural  and  phase 

aju 

composition. function  of  timers  a  necessary  and  sufficient  index  of  the 


course  of  the  process. 


Knowing  the  fraction  of  the  volume  of  alloy  being  taken  up  by  each  structural 


component  or  phase,  and  having  access  to  the  values  of  their  specific  weights,  we 


can  easily  proceed  from  volumetric  structural  composition  to  weight  composition. 


It  is  just  as  easy  to  proceed  from  weight  structural  composition  to  chemical 


composition  of  the  alloy,  if  we  know  the  chemical  composition  of  each  phase  or 


structural  component. 


HX  Using  the  simple  rule  mixture!  on  the  basis  of  quantitative  volumetric 


structural  composition  of  the  alloy,  we  can  also  compute  its  specific  weight. 


In  a  number  cf  cases,  using  simple  formulas,  one  can  calculate  in  firs+ 


approximation,  the  indexes  of  mechanical  properties  of  ar.  alloy  (hardness,  ultimate 
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strength  XM  etc.).  For  this,  in  addition  to  volumetric  KXMK  structural  composition 


of  alloy,  it  is  necessary  to  have  available  the  corresponding  indexes  of  mechanical 


properties  of  each  structural  component. 

Hence,  a  knowledge  of  the  volumetric  structural  or  phase  composition  of  the 
alloy  permits  one  to  connect  IX  quantitatively  its  structure  with  the  chemical 
composition,  physical  and  mechanical  properties  of  the  alloy,  which  serves  as  a 
valuable  means  of  reciprocal  XX  checking  and  correcting  of  various  types  of 
investigation  of  the  metal. 

An  equally  important  parameter  of  microscopic  structure  is  the  value  of 

it*, 

total  surface  of  grains  of  metal  for  microparticles  of  various  phases  and 

structural  components  of  alloy,  referred  to  #unit  ai#e  volume.  This  value, 

(specific  area) 

called  by  us  the  specific  surface/of  grains  or  microparticles  plays  an  exclusively 

important  part  both  in  the  processes  of  KMKMM  transformations  in  alloys  as 

well  as  in  a  determination  of  their  diverse  properties. 

Based  on  a  differing  orientation  of  spatial  lattices  in  each  pair  of  contacting 

microparticles  of  pure  metal,  on  the  boundary  of  their  contact  there  exists  a 

layer  of  atoms  in  which  they  are  arranged  irregularly.  The  same  takes  place  also 

(interface)  crystal 

at  the  boundary  of  contact/of  various  MjfMXIX  lattices  of  each  pair  of  microparticles 
of  different  phases. 

In  the  boundary  layer,  the  position  of  atoms  is  fixed  by  forces  acting  from  the 
side  of  both  adjacent  lattices,  and  constitutes  a  compromise  position  between  those 
being  determined  by  each  of  them  separately.  The  layer  of  irregularly  arranged  atoms 
has  a  certain  thickness,  although  it  is  trivial  in  comparison  with  the  extent  of  the 


boundary  layer.  Therefore  the  boundaries  of  grainsand  of  microparticles  are  not 

areas  regions  regions 

geometric  zarftoas  but  are  areas  possessing  a  fixed  volume.  These  Stress  are  called 
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inter crystalline  interstratifications  (3ibl.45)  or,  more  correctly,  inter crystallite 
zones  (Bibl,46). 

crystal 

At  the  boundary  of  various  contacting  XXpdSXXIMXXXpGHIX  lattices  or  of 

uniform  but  variously  oriented  lattices,  there  occurs  a  XKIfflffiXXKiQffiCfMIiig 

'*thickening"  of  energy.  The  energy  level  here  is  higher  than  within  the  volume 

of  the  crystal  lattices,  the  atoms  are  connected  less  stably  than  those  found 

within  the  regular  lattice,  the  transitional  layer  is  less  stable  thermodynamically, 

and  its  atoms  are  more  mobile  and  inclined  toward  rearrangement  and  migration, 
causes  the  exclusive  activity 

This  of  atoms  of  intercrystallite  zones  and  explains 

why  they  possess  the  leading  part  in  the  processes  of  interphase  transformations, 
growth  of  grain,  creep  of  metals,  diffusion,  nucleation  of  crystallization  of  a 
new  phase,  etc.,  which  has  been  noted  many  times  in  the  past  by  the  practice  of 
metallography. 

a. 

As  is  known,  the  mechanical  properties  of  an  alloy  are  -bim  function  not  only 

of  the  structural  composition  but  also  of  the  dispersed  state.  At  one  and  the 

Oa. 

XX  same  volumetric  phase  composition  of /alloy,  the  value  of  specific  surface  of 
microparticles  serves  as  a  reliable  standard  of  the  degree  of  dispersed  state  of ^ 
microscopic  KKMKKM  structure  of  the  alloy.  Therefore,  knowing  the  value  of 
specific  surface  of  various  phases  and  structural  components,  we  can  in  second 
approximation  refine  the  indexes  of  mechanical  properties  computed  on  the  basis  of 
structural  composition.  In  many  cases,  the  mechanical  properties  of  an  alloy  prove 
to  be  connected  with  the  value  of  the  specific  surface  by  simple  linear  dependences. 
The  same  can  be  said  concerning  a  series  of  physical  properties  of  alloy,  specifically 
the  magnetic  properties  and  specific  weight. 

The  plastic  deformation  of  XXX  a  metal  is  accompanied  by  the  appearance  of  a 


fixed  orientation  of  intercrystallite  surfaces  relative  to  the  direction  of  the 


forces  iCX  acting  in  the  metal.  Therefore  a  study  not  only  M  the  value,  but  also 


of  the  spatial  orientation  of  surfaces  of  microparticles  proves  quite  valuable  in 


iXXMMKIH  researching  the  processes  of  plastic  deformation  of  metal. 


The  intercrystallite  boundary  zones  of  microparticles  are  not  the  only 

areas  j5XX£  of  metal  having  increased  energy  and  therefore  actively  taking  part  in  the 


processes  of  transformations  and  of  changes  in  structure.  At  formation  of 


polycrystalline  structure  of  pure  metal  or  of  single- phase  alloy,  a  microparticle 


growing  from  the  center  of  crystallization,  encountering  on  the  path  of  its 


growth  the  closest  adjacent  microparticle  and  coming  into  contact  with  it,  forms 


a  boundary,  which  is  common  to  both  microparticles.  This  interface  continues 


to  increase  along  with  the  further  growth  of  the  microparticles  forming  it  iSX 


until  it  encounters  the  surface  of  the  nearest  third  microparticle.  As  a  result 


of  such  a  meeting,  two  more  faces  (jiaaa^  are  formed  between  this  third 


microparticle  and  the  two  first  ones.  All  these  XiM  facets  are  intersected 
along  one  line,  i.e.  a  lattice  edge,  common  for  all  three  microparticles.  The 


growth  of  this  edge  is  limited  by  encounters  with  the  surface  of  the  nearest 

vertex 

fourth  microparticle,  which  will  be  accompanied  by  the  formation  of  appoint 
xjs-afc,  common  £H  the  four  microparticles,  that  is  polyhedrons.  Hence,  each 


face^Kin  the  polycrystalline  aggregate  belongs  to  two  microparticles,  and  each  edge 


belongs  to  three,  while  each  ^point  of-the  y «ek  belongs  to  four  microparticles. 

It  is  necessary  to  stipulate  that  in  reality,  the  process  of  formation  of 
a  polycrystalline  structure  is  considerably  more  complex,  since  simultaneously  with 
the  growth  of  microparticles  there  proceeds  the  process  of  collective  re  crystallization. 
However,  this  does  not  charge  the  main  character  of  the  final  microscopic  structure 
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of  the  polycrystalline  aggregate.  Therefore  in  a  polyhedral  structure,  there 

sides 

are  observed  ir.tercrystallite  zones  of  three  types,  namely  two  boundary  ( 

vertices 

of  polyhedrons),  three  boundary  (edges  of  polyhedrons)  and  four  boundary  (paxkax 
of  polyhedrons). 

The  degree  of  irregularity  of  arrangement  of  atoms  in  the  zones  of  edges  of 

sides 

polyhedrons  is  higher  than  in  the  zones  of  their  faxB±z,  since  here  the  atoms 
are  situated  under  the  simultaneous  effect  of  crystalline  orders  of  three  differently 
oriented  lattices.  Accordingly  the  level  of  energy  and  activity  of  atoms  of  three-— 
boundary  inter crystalline  zones  is  higher  than  that  of  two-boundary  zones,  and 
the  thermodynamic  stability  is  lower.  A  still  more  irregular  arrangement  is 
possessed  by  atoms  of  the  four-boundary  inter crystallite  zones,  where  their  position 
is  a  compromise  one  between  those  being  fixed  by  each  of  the  four  crystal  orders, 

converging  at  the  points -of  the  vartaxoa  of  the  polyhedrons  of  the  spatial  lattices. 

A 

It  is  known  that  in  the  XMMXpM  submerging  of  any  mineral  in  a  supersaturated 
salt  solution,  the  corners  and  edges  of  the  crystals  prove  to  be  especially  active 
(Bibl.47).  In  metal  alloys  in  many  cases  the  microstructure  serves  as  a  proof  that 
the  same  position  is  also  valid  for  them.  Very  often  one  can  observe  the  formation 
of  a  new  phase  at  the  point  of  contact  of  three  grains  of  the  original  polyhedral 
structure  in  a  microsection.  It  is  clear  that  this  point  is  the  track  of  a  line 
of  edge  on  the  surface  of  the  cut.  For  instance,  in  Fig. 9  one  can  see  the  formation 

of  KM8  troostite  with  preference  for  the  points  of  contacts  of  three  grains  in 

^high-speed  fcigtetxppE 
Ini  nf  lln  type  (Bibl.48). 

The  line  of  the  edges  of  grains  is  also  of  great  practical  interest  because 

during  the  creep  of  metal,  the  start  of  the  formation  of  cracks,  leading  subsequently 

to  final  disruption,  as  a  rule  is  concentrated  at  the  contact  points  of  these 

A3 

» 


grains  (Bibl.49) 


P 


The  lines  of  contact  points  of  three  microparticles,  i.e.,  the  lines  of 

edges  of  polyhedrons,  form  in  the 


metal  a  continuous  spatial  network 


which  may  be  estimated  quantitatively  as 


the  total  extent  of  the  lines  of  edges 


per  unit  volume  of  metal.  The  points 


of  contacts  of  four  grains,  i.e.,  the 


vertexes  of  polyhedrons  are  estimated 


as  their  quantity.  We  have  every  basis 


Fig. 9  -  Principal  Formation  of 
Troostite  at  the  Points  of  Contact 
of  Austenite  Grains.  After 
A.P.Gulyayev  (Bibl.48) 


for  introducing  into  the  list  of  most 
important  parameters  of  microscopic 
structure  of  metal  the  length  of  lines 
of  edges  of  polyhedrons,  and  also  the 


their 


number  of  points  of/vertexes  per  unit  ^  volume  of  metal. 


Of  great  interest  is  the  quantity  of  microparticles  occurring  per  unit  j 


volume  of  alloy.  A  study  of  the  kinetics  of  crystallization,  re  crystallisation, 


determination  of  true  parameters  of  these  processes  and  of  actual  dimension  (volume) 


of  microparticles  is  not  realizable,  if  we  cannot  determine  this  parameter  of  the 


microscopic  structure  of  an  alloy.  It  is  necessary  to  note  that  the  finding  of  the 


actual  number  of  microparticles  in  a  volume  of  alloy  is  one  of  the  most  complex 


problems  of  spatial  metallographic.  analysis. 


The  enumerated  parameters  cannot  give  an  exhaustive  characteristic  of  the 


spatial  microstructure  of  the  alloy.  Having  the  values  of  all  these  parameters  at 


our  disposal,  or.e  can  by  no  means  fully  reproduce  on  their  basis  the  "architecture" 
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of  microstructure  of  an  alloy.  For  XXX  instance,  knowing  the  volumetric  content 
of  graphite  in  gray  iron,  its  specific  surface  and  linear  extent  of  edges  of  graphite 
deposits,  it  is  impossible  to  judge  the  degree  of  their  "vorticity".  Nevertheless, 
the  above  listed  parameters  are  the  most  significant  and  XSXXXMX  reflect  the 
structure  of  the  alloy  to  the  degree  which  is  necessary  for  judging  the  properties 
and  behavior  of  the  alloy. 

Not  counting  the  scales  of  standard  structures  in  effect  abroad,  in  the 


Soviet  Union  alone  more  than  30  scales  have  been  standardized,  which  also  do  not 

take  in  all  of  the  requirements  of  metallographic  analysis.  To  foresee  and  to 

provide  for  all  of  the  possible  cases  of/quantitative  evaluation  is  obviously 

impossible,  and  the  present  report  does  not  pretend  to  do  this  to  any  degree.  To 

evaluate  the  special  elements  of  microstructure,  to  the  extent  that  this  is  required 

introduction 

for  practical  or  research  purposes,  would  possibly  require  the  MMMX  of  a  number 
of  other  parameters  and  the  development  of  methods  of  their  determination.  However, 
in  all  cases  it  is  necessary  to  proceed  from  the  basic  assumption:  the  evaluation 
of  the  structure  should  be  conducted  quantitatively,  with  values  of  geometric 
parameters  of  spatial  microstructure  of  the  alloy  in  every  case  when  this  is 


possible. 


The  system  of  methods  of  metallographic  analysis  permitting  a  determination  of 


the  geometric  parameters  of  spatial  microscopic  structure  of  metals  and  alloys  is 
called  by  us  "stereometric  metallography".  Quite  often,  methods  of  such  a  type 


are  connected  by  the  concept  quantitative  metallography,  which  is  incorrect,  since 
the  same  concept  also  includes  the  methods  of  quantitative  analysis  of  a  plane 
microstructure.  In  order  to  emphasize  the  basic  features  of  the  proposed  system 
of  methods,  i.e.  the  volumetric  state  of  the  object  of  analysis  (from  Greek 
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stereo  -  spatial)  and  the  strictly  quantitative  nature  of  their  evaluation  (from 


the  Greek  metror.  -  measure,  dimension),  we  advance  the  term  proposed  by  us  for 


this  branch  of  science  concerning  metals,  as  the  most  acceptable  term.  Accordingly, 


in  the  future  discussion,  we  will  use  the  terms  stereometric  structure,  stereometric 


evaluation,  stereometric  analysis  etc. 


Section  7.  Development  of  Methods  of  Stereometric  MicrcPAnalysis 


As  we  saw  above,  the  quantitative  estimation  of  the  structure  of  steel,  in 


comparison  with  its  mechanical  properties  and  conditions  of  heat  treating  was  first 


used  as  early  as  1968  by  D.K. Chernov.  However,  the  maximum  development  of  the 


method  of  stereometric  evaluation  of  microstructure  occurred  mainly 


in  the  last  20  -  25  yrs.  The  leading  place  in  the  development  of  this  branch  of 
knowledge  was  occupied  and  continues  to  be  occupied  by  Russian  and  Soviet  metallurgists 


and  petrographers. 

XMp  The  problem  ofj/quautit.ative  determination  of  volumetric  phase  composition 
was  first  posed  and  solved  by  petrography  with  reference  to  rocks.  Since  there  is 


KM  no  main  difference  between  the  determination  of  the  mineralogical  composition 


of  rocks  and  the  structural  composition  of  alloys,  the  methods  developed  by 


petrography  can  be  mechanically  transferred  to  metallurgy. 


In  1847  K.Deless  first  used  the  plantmetric  method  of  determining  the 


mineralogical  composition  of  rocks  while  in  1898  A.Rozival  proposed  a  more  convenient 


linear  method  of  analysis  (Bibl,50). 


The  quantitative  determination  of  structural  composition  of  alloys  in  metallurgy 


was  first  conducted  by  Ye.P.Polushkin  in  1924.  For  this  purpose,  he  designed  a 


"metallographic  plar.imeter".  The  volumetric  structural  composition  which  was  found 
was  converted  to  weight  composition  (based  on  specific  weights  of  structural 
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components)  and  the  data  derived  showed  good  agreement  in  comparison  with  data 

of  chemical  analysis  (Bibl.Jl).  The  most  improved  method  of  analysis,  namely  the 

point  method  was  developed  by  A. A. Glagolev  in  1931  with  application  to  rocks 

(Bibl.52,  53)  and  was  proposed  by  him  also  for  application  to  the  structural  analysis 

of  alloys  in  1935  (Bibl.54).  The  point  method  permits  the  application,  during  analysis, 

of  various  devices,  to  a  certain  degree  mechanizing  the  process  of  analysis  and 

considerably  facilitating  the  work  of  the  observer,  accelerating  the  process  of 

analysis  ar.d  expediting  the  obtainment  of  greater  accuracy,  A  number  of  such 

devices  (push  integrators)  were  designed  by  the  author  of  the 

method.  The  Glagolev  method  received  widespread  fame  and  dissemination  both  here 

is 

in  the  Soviet  Union  as  well  as  abroad,  and  MS  used  with  equal  success  in  the 

XK  analysis  of  rocks  and  of  metal  alloys. 

The  method  of  determining  the  value  of  specific  surface,  i.e.  of  interface  of 

microparticles  of  two  phases  per  unit  volume  of  metal, was  first  developed  by 

N.T. Belyayev  in  1922  for  one  special  case,  namely  the  structure  of  lamellar  perlite 

(Bibl.55,  56).  The  method  is  based  on  the  specific  structure  of  lamellar  perlite 
interlamellar  spacing  in  it, 

and  the  constancy  of  the  therefore  it  cannot  be  extended 

to  any  structure  of  another  type.  It  has  been  used  many  times,  right  up  to  recent 

Qs 

times,  by  a  number  of  researchers  who  had  studied  the  perlite  transformation  of 
austenite.  Specifically,  N.T.Belyayev  first  used  the  expression  "stereometric"  in 
application  to  the  volumetric  geometric  structure  of  metal  ("stereometry  of  a  perlite 

A 

grain") , 

In  1937,  J ,J .Rutherford,  R.H.Aborn,  and  E.3ain  tried  to  determine  the  specific 
surface  of  microparticles  of  a  polyhedral  structure  (3ibl.57).  The  method  developed 
by  them  is  based  on  an  idealized  form  of  microparticles  which  are  assumed  to  be 
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geometrically  uniform  polyhedrons  (cubo-octahedrons)  and  also 

on  a  number  of  other  assumptions.  Since  the  actual  shape  of  microparticles  is 
far  from  ideal,  the  method  is  not  a  strict  one  and  is  not  of  interest  SQ4  at 
present. 

A  universal  method  of  determining  the  value  of  specific  surface,  equally 
suitable  for  any  shape  of  microparticles  of  nondeformed  (isometric) structures,  is 
called  the  method  of  random  secants,  developed  in  1945  by  S. A. Saltykov  (Bibl.58,  59). 

The  method  is  mathematically  strict  and  in  practice  is  exceedingly  3imple, 
devices 

permitting  the  use  of  giTOffiS  speeding  up  the  measurement  under  a  microscope  or 
in  photomicrography.  Later  on,  QQffi  the  method  of  random  secants  was  also  extended 
to  deformed  (oriented)  structures.  In  1952,  S. A. Saltykov  proposed  a  method  of 

approximate  XTflCyMKraK  evaluation  of  specific  surface  of  structures, 
having  a  linear  vt  plane  statistical  symmetry  (Bibl.60).  In  1954,  A.G.Spektor 
proposed  a  mathematically  precise  method,  applicable  to  deformed  structures  only 
with  a  linear  (axial)  statistical  symmetry  (Bibl.6l).  The  method  of  random  secants 


received  complete  recognition  and  is  used  in  research  activities,  constituting  the 
basic  method  of  determining  the  specific  surface  of  microparticles. 

2MS  The  method  of  quantitative  evaluation  of  the  second  type  of  inter  crystallite 
zones  is  that  of  total  extent  of  lines  of  edges  of  microparticles  per  unit  volume 
of  metal,  developed  in  1950  by  S. A. Saltykov  (3ibl.l7*.  The  method  is  also  mathematically 
rigorous  and  is  quite  simple  methodologically, 

L.Guttman 

#■  It  is  noteworthy  that  considerably  later,  in  1953,  S.S. Smith  and  XIEgMM  described 
a  method  of  determining  the  value  of  specific  surface  of  microparticles  and  the  linear 
extent  of  their  edges,  under  the  name  of  the  method  JffigM  "random  sections"  (Bibl.43). 
Their  method  and  formulas  are  quite  identical  with  the  methods  and  formulas  published 
respectively  in  1945  -  46  (3ibl.52,  59)  and  in  1950  by  S. A. Saltykov  (3ibl.l7),  but 
S.S. Smith  and  L.Guttman  make  no  references  whatsoever  to  these  studies. 
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As  was  mentioned  above,  the  maximum  experimental  difficulties  are  encountered 


in  the  determination  of  the  quantity  of  microparticles  in  the  SI  volume  of  alloy. 

serious 

The  approximate  formulas,  not  having  bases,  have  been  proposed  many 


times  for  this  purpose,  however  SM|rigorous  method  was  developed  only  for 
microparticles  of  spherical  form  and  forms  close  to  it.  A  precise  formula,  connecting 
the  diameter  of  volumetric  microparticles,  the  quantity  of  them  per  unit  volume 
of  alloy  and  the  number  of  sections  of  particles  on  a  plane  was  given  in  1935  by 
I.L.Mirkir,  for  a  system  of  isodispersed  microparticles  (Bibl.33).  Later,  this 
formula  was  extended  by  S. A. Saltykov  to  the  polydispersed  systems  of  spherical 
particles.  These  formulas  are  insufficient  for  determining  the  quantity  of 
microparticles  in  a  volume  of  alloy,  however  they  have  great  significance  in  the 
development  of  methods  of  such  a  determination. 

A  very  valuable  method  of  computing  the  quantity  of  round  microparticles  was 

developed  by  E.Scheil  in  1931,  and  later  this  was  somewhat  improved  by  him 

(Bibl.62,  63,  64).  The  Scheil  method  permits  one  to  determine  both  the  total 

quantity  of  microparticles  in  a  volume  of  alloy,  as  well  as  the  distribution  of 

microparticles  according  to  their  sizes  (diameter).  A  disadvantage  of  the  method 
unwieldiness, 

is  its  which  aroused  many  to  work  in  the  direction  of  its  improvement. 

Simplified  methods  based  on  the  Scheil  method  were  developed  by  KXMMMMXJ3M2I45} 
H.A. Schwartz  (Sibl.65),  W, Johnson  (Bibl.18),  S. A. Saltykov  (3ibl.6A),  A.G.Spektor 
(3ibl.6v),  Nevertheless,  even  the  best  of  the  existing  methods  of  computing  the 
distribution  of  microparticles  remain  unwieldy  and  complicated. 

The  Scheil  method  was  used  many  times  ir.  a  study  of  the  kinetics  of  crystallization 
for  determining  the  crystallization  parameters.  Up  to  the  appearance  of  the  method 
of  random  secants,  the  Scheil  method  was  also  used  for  computing  the  specific  surface 
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of  round  microparticles 


In  the  abcve  mentioned  method  of  J. Rutherford  and  others  (Bibl.57),  the 
quantity  of  microparticles  in  a  volume  is  computedj based  on  the  number  of  their 
sections  per  unit  4?  area  of  cut.  However,  since  these  two  parameters  are  not 
connected  by  a  well-defined  relationship,  the  values  obtained  can  be  MK  regarded 
only  as  very  approximate.  A  precise  method  of  determining  the  quantity  of 
spherical  microparticles  (without  their  distribution  by  sizes)  was  proposed  by 
S. A. Saltykov  in  1947  under  the  name  "method  of  diverse  diameters"  (3ibl,63).  The 
method  is  sufficiently  simple  experimentally. 

The  most  poorly  represented  at  the  present  time  M  are  the  methods  of 
determining  the  characteristics  of  the  form  of  microparticles.  In  individual  cases, 
the  spatial  form  of  microparticles  can  be  established  by  the  method  of  successive 
grindings  with  ^  construction  of  a  volumetric  model  of  individual  microparticles. 

The  above  mentioned  method  of  perpendicular  sections  of  A.P.Gulyayev  and  Ye. V.Petunina 
also  permits  one  to  determine  the  form  and  dimensions  only  of  individual  microparticles. 
Therefore  one  of  the  most  pressing  problems  of  stereometric  (solid  geometry) 
metallography  is  the  development  of  statistical  characteristics  of  the  form  of 
microparticles  of  the  given  type. 

The  jSieCKlSJBCI  principle  first  applied  by  D.K. Chernov  of  establishing  a 
quantitative  interrelationship  between  the  properties  of  metal,  its  machining  and 
the  parameters  of  microstructure  receive.)  development  in  the  activities  of  Soviet 
metallurgists.  The  use  of  methods  of  quantitative  evaluation  of  spatial  structure 
in  the  reports  of  H.S. Aronovich,  M.Ye.Blanter,  S.Z.Bokshteyn,  S.M.Vinarov,  M.I .Vinograd, 
A.I.Gardin,  A.P.Gulyayev,  B.B .Gulyayev,  N.K. Lebedeva,  I.L.Mirkin,  L.S.Koroz, 

P.O.Pashkov,  G.I .Pogodir.-Alekseyev,  A.I.Skakov,  S.K.Skorodzivevskiy,  A.G.Spektor, 
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A.N.Chervyakov,  and  of  others  Kffl&i  served  for  recognition  and  propagation  of  the 


methods  of  stereometric  metallography.  Of  the  number  of  foreign  metallurgists. 


from  the  same  standpoint  one  should  make  mention  of  E.Scheil,  R.Meil,  W.Johnson, 
M.Gensamer, 

KXSJGSMJQQt  S .Smith,  L.Beck,  G.Kostron,  R. Howard  and  others. 


Besides  the  above  mentioned  methods  of  determining  the  parameters  of 


microstructure,  there  is  required  a  development  of  quantitative  evaluation  of  the 
uniformity  and  homogeneity  of  the  spatial  microstructure.  The  most  important  and 


urgent  problem  is  the  translation  of  standard  methods  characterizing  microstructure 


into  the  language  of  stereometric  evaluation.  For  instance,  now  it  is  already 


possible  to  note  that  the  evaluation  of  the  granular  structure  of  steel  MM  based 
on  the  value  of  specific  surface  of  microstructures  is  methodologically  more  correct 
and  experimentally  considerably  more  improved  and  more  simple,  than  the  standard 
method  being  used  for  determining  the  size  of  a  grain  of  steel.  Therefore  we  need 
an  I M  insistent  and  active  struggle  for  the  replacement  of  obsolete  methods  of 


evaluating  plane  microstructure  by  already  developed,  more  efficient  methods  of 


stereometric  evaluation. 


jf 

ficro*  Analysis 


Section  8#  Technical  Means  and  Features  of  Stereometric  Micro*Analysis 

The  most  important  advantage  of  stereometric  micr^-analysis  is  the  fact 
that  its  use  does  not  require  any  major  new  technical  resources  for  any  kind  of 


basic  changes  in  the  process  of  preparing  the  microsection.  Therefore  the  methods 


described  in  the  present  book  are  accessible  for  any  laboratory,  equipped  with 


simple  metallographic  apparatus.  In  this  paragraph,  we  shall  examine  the  general 

conditions  and  requirements,  equally  in  effect  for  all  methods  of  stereometric 

evaluation.  Later,  in  a  description  of  individual  types  of  stereometric  microanalysis, 

accomplishment. 

we  will  give  special  instructions  on  the  techniques  of  their  JSCK  practical 
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For  a  3MM  determination  of  the  actual  values  of  parameters  of  spatial 

microstructure  based  on  the  nontransparency  of  the  items  being  analysed,  we  will 

P£MM2  proceed  only  from  a  plane  microstructure.  As  a  result  of  the  intersection 

by  the  plane  of  a  cut  of  individual  microparticle,  we  can  observe  its  random  section, 

which  cannot  give  us  a  concept  either  of  the  actual  sizes  of  the  microparticle  or  of 

its  geometric  form.  However,  while  the  section  of  a  separate  microparticle  represents 

of  a 

a  figure  of  random  form  and  size,  the  statistical  association  of  sections  IX  practically 
infinitely  large  number  of  microparticles  can  already  be  regarded  as  an  accurate 
reflection  of  microscopic  structure  of  the  alloy.  Taking  this  into  account,  one 
can  determine  the  geometric  parameters  of  the  spatial  microstructure  of  an  alloy 
KXM2X  based  on  its  plane  microstructure  with  any  accuracy,  which  may  be  required. 

In  most  cases,  223CCXXIX  one  microsection  is  enough  for  this,  while  in  case  of 
oriented  structures  (during  transcrystallization,  plastic  deformation),  the  number 
of  required  microsections  may  increase  to  two. 

In  cast  or  rolled  metal  the  structure  as  a  rule  is  irregular  in  cross  section 
to  a  greater  or  lesser  degree.  For  instance,  in  Fig. 10  is  shown  the  distribution  of 
a  quantity  of  deposits  of  carbon  of  annealing  based  on  section  of  samples  of  forged 
iron  25  mm  in  diameter  based  on  data  of  the  author  (Bibl.69);  a  similar  distribution 
pattern  is  noted  for  forged  iron  by  I .1 .Khoroshev  (Bibl.Al). 

K.M.Shteynberg,  I.N.Bogachev,  G. A. Zykov  and  R.Sh.Shklyar  found  that  the  size 
of  a  grain  of  transformer  steel  and  the  degree  of  its  uniformity  change  from  the 
surface  of  the  sheet  to  its  core,  as  is  illustrated  by  the  data  in  Table  5  (Sibl.70). 
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Fig. 10  -  Distribution  of  Graphite  Deposits  according  to  Section 
(Diameter)  of  Round  Sample  of  Malleable  Cast  Iron.  Decrease  in 
quantity  of  deposits  at  surface  as  result  of  surface  decarbonizing 
during  annealing 

a)  Number  of  centers  per  mm2;  b)  Distance  from  center,  mm 


*  ~  Typical  Distribution  of  Ncnmetallic  Inclusions  in.  Section 

of  Steel  Castings  Weighing  10  kg,  Cast  from  One  Smelting  in  a 
Ceramic  (on  left)  and  Iron  (on  right)  Form.  100  £V  _  volumetric  % 
of  inclusions,  n  -  number  of  inclusions  per  1  mm2  of  area  of  cut 
[3 .6 .Gulyayev  (3ibl.7l)J 
a)  Distance  from  surface,  mm 


. 
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Table  5 


b) 

a) 

.  C) 

d) 

e) 

}:  'll',  i.V'V'y 

■  750 

0,03 

0,034 

0,04 

900 

1200 

0,05 

0,06 

0,068 

0,075 

0,26 

'0,46 

a)  Annealing  temperature,  °C;  b)  Size  of  grain,  mm'q  c)  On  the  surface  of 
sample;  d)  At  a  depth  of  0.04  mm;  e)  At  a  depth  of  0.06  mm 

In  Fig. 11  is  shown  the  distribution  of  a  number  of  nonmetallic  inclusions 
and  their  volumetric  percent  according  to  section  of  steel  castings  10  kg  in  weight 
which  were  hardened  in  ceramic  and  iron  forms,  after  data  of  B.B.Gulyayev  (Bibl.71) 
On  the  basis  of  the  data  presented  and  a  number  of  other  data,  one  car.  notice  a 
general  regularity,  that  is,  from  the  surface  to  the  center  of  the  section,  the 
dispersed  state  of  the  structure  decreases. 

Inasmuch  as  the  structure  in  most  cases  remains  qualitatively  uniform  in 
cross  section,  the  choice  of  location  of^ plane  of  cut  during  conventional 
qualitative  determinations  does  not  play  a  substantial  part.  It  is  another  matter 
in  quantitative  microanalysis;  here  the  place  and  direction  of^plane  of  cut  needs 
to  be  chosen  very  carefully,  taking  into  account  the  possible  irregularity  of 
structure  along  the  section. 

Let  us  examine  IX  how  the  choice  of  section  of  cut  is  reflected  upon  the 
results  of  quantitative  microanalysis  if  the  structure  is  irregular.  For  simplicity 
we  will  limit  ourselves  to  a  case  when  the  ground  sample  car  be  divided  into  two 
zones  according  to  uniformity  of  structure.  Let  us  assume,  that  in  zone  1,  the 
parameter  of  structure  interesting  to  us  is  characterized  by  the  value  CL  ,  while  in 


zor.e  2,,  by  value  C2.  Let  us  also  assume  that  the  diameter  of  zone  2  equals  half 
the  diameter  of  the  sample  (Fig. 12). 

In  a  transverse  cut,  the  area  of  zone  1 
comprises  0,75  of  the  area  of  the  cut,  while 
in  zone  2  it  comprises  0,25.  Therefore,  in 
a  determination  of  the  value  of  parameter  C 
for  the  sample  as  a  whole  according  to  transverse 
cut,  we  get  the  value: 

Cx=  0,75  Cx  +  0,25  C2. 

In  a  longitudinal  cut,  passing  along  the 
axis  of  the  sample,  the  areas  of  both  zones  will 
be  uniform  and  will  equal  0.50  of  the  area  of  ( 
cut.  Therefore  in  evaluating  the  structure  of 
the  sample  as  a  whole  based  on  longitudinal 
cut,  the  value  of  parameter  C  will  differ 
considerably  from  the  value  found  in  the  transverse  cut: 

C„  —0,50  Ci  +  0,50  Cj. 

It  is  easy  to  see  that  the  volume  occupied  by  zone  2  constitutes  \  of  the 
volume  of  the  sample,  i.e,  coincides  with  the  part  being  occupied  by  this  zone  in 
the  transverse  cut.  Therefore  the  quantitative  result  of  the  analysis,  obtained  in 
the  transverse  cut,  will  correspond  to  the  actual  average  parameter  of  spatial 
structure,  whereas  in  the  longitudinal  cut,  we  get  an  incorrect  result.  If  the 
plane  of  the  longitudinal  cut  will  not  coincide  with  the  axis  of  the  sample,  the 
error  of  the  evaluation  will  be  all  the  greater,  the  farther  this  is  separated  from 
the  axis.  In  the  plane,  located  at  a  distance  of  half  the  radius  ‘'rom  the  center, 


M 
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Fig. 12  -  Effect**  Location  of 
Plane  of  Cut  upon  Result  of 
Quantitative  Microanalysis  at 
Irregularity  of  Structure 
Having  an  Axial  Symmetry 
a)  Zone  2;  b)  Zone  1 
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identical  not  only  qualitatively  but  also  quantitatively.  In  certain  cases,  there 
proved  to  be  SQUQm&XHIMK  unavoidable  the  use  of  longitudinal  cuts.  However  in 


this  connection,  it  is  mandatory  to  take  into  account  the  importance  ("weight")  of 


the  parameter,  measured  in  each  f 


laid  of 


determining  the  distance  from  the 


center  of  field  of  vision  to  the  axis  of  rolling,  with  subsequent  calculation  of  the 
average  suspended  value  of  the  given  parameter  according  to  all  fields  of  vision. 


in  which  it  IS  measured. 


Since  the  visible  two-dimensional  structure  is  a  geometrically  flat  section 


of.  spatial  conglomerate  of  MSS  microparticles,  it  is  necessary  that  the  surface 


of  the  microsection  be  as  close  as  possible  to  an  ideal  plane  and  have  a  minimum 


micro  relief,  unavoidable  in  the  process  of  preparing  the  slide. 


A  study  of  micro  relief  of  metallographic  XHHftK  sections  (cuts)  was  conducted 
by  N.M. Zarubin  with  the  aid  of  the  interferometer  of  V.P.Linnik  (3ibl,72).  He 


established  that  the  micro  relief  is  mainly  developed  as  early  as  in  the  process 


of  polishing,  that  is  the  polished  surfaces  of  microsections  are  always  obtained  as 


relief  sections  and  not  as  plane  sections.  The  vaJkre  of  relief  depends  upon  the 


method  of  preparing  the  section  and  upon  the  structure  of  the  sample.  The  obtainment 


of  a  greater  relief  is  promoted  by  ^  prolonged  polishing  (and  repolishing),  by  a 
coarse-grained  structure^  ar.d^c^nsiderable  difference  in  the  hardness  of  the  components 


of  structure.  Etching  (pickling)  does  not  exert  a  noticeable  effect  upon  the 


of  micro  relief,  being  obtained  during  polishing. 


In  high-strength  iron,  having  an  almost  purely  ferrite  base,  the  value  of 


micro  irregularities  (difference  in  levels)  between  the  grains  of  ferrite  after 
polishing  and  pickling  amounts  to  0.17  microns.  After  additional  polishing,  this 


value  readied  0.?  -  0.9  microns.  The  depth  of  hollows  of  graphite  correspondingly 


increased  from  0.70  microns  to  such  an  extent  that  it  could  not  be  measured 


(more  than  20  microns).  On  the  microsection  of  another  sample  of  high-strength 


iron,  the  amount  of  micro  irreg 
to  0.15  microns. 


gularit^ 


between  the  ferrite  and  perlite  amounted 


In  coarsely  grained  chromium  alloy,  the  value  of  micro  irregularity  between 
carbides  of  chromium  and  polite  reach  1.2  microns  on  a  pickled  microsection;  the 
micriT^ardness  of  carbides  reaches  1200  and  of  polite  625.  In  a  finely  grained 
chromium  alloy,  the  value  of  micro  irregularity  constituted  a  total  of  0.13  microns 
before  pickling  and  increased  very  little  during  pickling. 

Inasmuch  as  the  depth  of  relief  (embossing)  is  mainly  determined  by  the 
duration  of  polishing  (and  the  use  of  repolishing),  to  obtain  minimum  relief,  of 


great  importance  is  a  good  preliminary  preparation  of  the  surface, 


to  a 


minimum  the  time  needed  for  polishing.  For  ferrous  metals,  M.M. Zarubin  recommends 
the  following  types  of  processing  the  microsection,  assuring  the  obtainment  of 
micro  irregular it^within  the  limits  up  to  0.5  microns 

a)  Grinding  the  microsection  with  carborundum  stone,  files  and  emgry  cloths. 
Polishing  with  water  suspension  of  aluminum  oxide; 

b)  The  same  preliminary  processing  as  in  the  previous  case,  polishing  with 
passivating  suspension  (10  -  20  gmsjsf  sodium  nitrate,  3Xg2  3  gms  of  calcinated  soda, 
up  to  10  gms  of  aluminum  oxide  per  liter  of  water). 

The  maximum  relief  state  occurs  at  electric  polishing  of  ferrous  metals  arid 
at  polishing  of  nonferrous  metals  by  "strong  pickling  (etching)".  In  all  these 


cases,  the  micro  irregularity  reach^  h  microns. 

a Uf 

The  vaiwe  of  micro  irregularity which  can  be  permitted  during  quantitative 
micro  analysis  depends  upon  the  type  of  structure  being  analyzed  a~d  the  type  of 
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(of  microstructure)  being  determined.  TiwtAinimum  micro 


Darameter 


relief  has  to  be 


assured  in  XXajOS  samples  having  highly  dispersed  granular  structure  type  of 
granular  polite),  especially  if  we  flKXM  determine  the  sizes  of  microparticles  or 
the  relative  volume  of  their  component  phases.  The  determination  of  the  value  of 
specific  surface  is  less  sensitive  to  the  presence  of  micro  relief.  For  determining 
the  specific  surface  of  slightly  dispersed  structures  of  polyhedral  type,  one  can 
even  use  an  electrolytic  polishing. 

The  effect  of  the  relief  state  of  the  cut  on  the  results  of  stereometric 

analysis  of  actual  structures  will  be  considered  in  more  detail  below.  The 

quantitative  micr</"lnalysis  of  a  well-prepared  cut  is  conducted  in  conventional 
w* 

metallographic  or  in  other  microscopes  equipped  with  opaque-illuminators,  and  equipped 
with  standard  optics  and  devices. 

The  microscope  bench  should  assure  the  smooth  cruciform  movement  of  the  cut 
in  the  plane  of  the  bench  in  two  mutually  perpendicular  directions.  The  amount  of 
displacement  of  the  cut  should  be  measured  as  accurately  as  possible.  This 
requirement  is  met  in  the  best  way  by  the  bench  of  the  device  for  determining  the 
MXMXhM  micro^hardness  FMT-3  designed  by  IMASh,  in  which  the  cruciform  movement 
of  the  bench  is  realized  by  micrometric  screws  with  an  accuracy  of  0,01  mm;  the 
amount  of  XX  displacement  is  12  -  15  mm.  Less  convenient  are  the  two  coordinate 
preparation  guide  devices  of  the  type  ST-5  having  rack  and  pinion  movement  and  scales 
equipped  with  verniers,  which  permit  the  measurement  of  displacement  with  an 
accuracy  of  0.1  mm;  the  possible  amount  of  movement  is  25  and  60  mm.  Least  convenient 


are  the  XX  standard  stands  for  the  metallographic  microscopes  type  MIM-5,  MIM-6, 


KIM-7,  in  which  the  amount  of  displacement  is  estimated  visually  by  the  millimeter 


scale.  The  limits  of  movement  of  the  microscope  stand  should  assure  an  inspection 


of  the  entire  surface  of  the  microsection  being  analyzed,  from  one  set  up,  without 
changing  its  position  on  the  stand.  In  order  that  any  point  of  the  cut  will  be 
accessible  for  observation,  it  is  desirable  that  the  microsection  does  not  rest 
by  a  part  of  its  surface  against  the  fastening  plate  of  the  microscope  stand.  Hence, 
one  should  give  preference  to  a  low  position  of  XXX  the  microsection,  as  this  takes 
place  in  vertical  microscopes. 

In  an  analysis  of  the  oriented  structures,  it  is  necessary  to  turn  the 
microsection  relative  t^cfirection  of  movement  o^stand  with  an  accuracy  up  to  1°. 
The  polarization  microscopes  of  the  type  MP-2  and  MP-3  are  equipped  with 

rotating  stands.  One  can  use  rotating  cover  plates  equipped  with  a  degree  scale, 
as  for  instance  in  the  MIM-7  microscope.  The  preparation  of  such  inserts  for  any 
microscope  does  not  present  any  technical  difficulty.  The  insert  should  have  one 
or  two  clamps  for  fastening  the  sample,  in  order  to  avoid  the  possibility  of  its 
displacement  during  the  rotation  of  the  insert. 

In  certain  cases,  it  is  feasible  to  make  the  measurement  of^elements  Of 

tb13-  grqund  camera. 

—9tr5£elH?e  on“8S35trglass  of  the  microscope  .  For  this  it  is  necessary 

that  the  microscope  have  a  sufficiently  powerful  source  of  XX  illumination. 

Among  the  existing  designs  of  microscopes,  the  most  handy  for  our  purposes 

its  microscopic 

is  the  micrcQiardness  meter  PMT-3  under  the  condition  that  XMXiiXMMXXjffl  stand  is 

equipped  with  a  rotating  insert  having  a  degree  scale.  Also  convenient  are  the 
polarization 

microscopes  having  an  opaque-illuminator,  rotating  stand  and  with  a  two- 
coordir.ate  preparation  guiding  device,  mounted  on  the  stand.  It  is  quite  desirable 
that  in  the  development  of  new  designs  of  metallographic  microscopes,  one  take  into 
account  the  requirements  of  quantitative  metallographic  analysis. 
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In  addition  to  the  standard  set  of  objectives  ar.d  eyepieces,  attached  to 


m 


each  microscope,  it  is  necessary  to  have  a  set  of  eyepieces  for  quantitative 


measurements  during  visual  observations.  The  main  items  in  this  set  are: 


a)  An  eyepiece-micrometer  having  a  ruler  divided  into  100  parts,  prepared 


with  magnifications  of  7  and  15.  It  is  desirable  that  the  scale  of  this  eyepiece 

shown  in  Fig. 13)  does  not  exceed  in  length  0.75  -  0.8  of  the  diameter  of  the  field 

of  vfc-sien .  Quite  necessary  is  the  presence  of  a  longitudinal  diametral  line  which 
not 

is/available  in  all  eyepieces  of  a  similar  type; 

b)  Square  grid-reticulated  eyepiece.  The  scale  of  the  eyepiece,  containing 
2 56  squares,  similar  to  that  shown  in  Fig. 14,  is  used  for  eyepieces  23  mm  in 
diameter.  For  eyepieces  of  larger  diameter  (30  mm)  grids  containing  400  squares 


can  be  used. 


Polarization  microscopes 


have  such  eyepieces; 

screw  type  cross  hair 

c)  A  eyepiece-micrometer  21  equipped  with  a  HMXMIX  shown  in 

Fig. 15,  type  AM  9-2.  XMp  The  point  of  the  crossing  of  the  threads  has  a  displacement 

of  8  mm,  being  measured  with  an  accuracy  of  0.01  mm.  In  case  of  the  lack  of  such 

an  eyepiece,  one  can  use  an  eyepiece  having  a  stationary  cross  hair. 

With  the  aid  of  the  object-micrometer,  one  determines  the  value  of  division 

of  ruler  of  the  eyepiece  micrometer  for  each  of  the  objectives  of  the  optical  set 

of  the  microscope.  The  same  is  done  for  measuring  the  cells  of  the  square-grid 

eyepiece  and  for  moving  the  cross  hair  of  the  screw  type  eyepiece-micrometer.  IX  It 

is  advantageous  to  measure  the  diameter  of  the  field  of  vision  for  all  combinations 


of  lenses  ar.d  eyepieces  and  to  compute  the  visible  areas  of  the  fields  of  vision. 
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Fig. 13  -  Eyepiece-Micrometer 


Fig, 14  -  Square-Reticulated  Eyepiece 


In  quantitative  micro-analysis,  it  is  often  necessary  to  calculate  a 

considerable  number  of  certain  values  (number  of  grains  in  field  of  vision, 

number  of  points  etc.).  The  calculation  is  considerably  speeded  up  and  is  made 

more  reliable  if  instead  of  oral  counting  there  is  used  a  counter  adding  up  the 
push-downs.^ 

number  of  pressuw^T  The  simplest  counter  of  such  a  type,  made  by  the  factory 


"Schetmash",  is  shown  in  Fig. 16. 


Fig. 15  -  Screwtype  Eyepiece-Micrometer 

« 

eliminate  the  possibility  of  the  effect  of 
results  obtained. 


Fig.l6  -  Manual  Counter  "Schetmash" 


observed/® with  the  structure  of  standard 


It  is  noteworthy  that  the  JOf 

development  and  introduction  into 

metallographic  practice  of  specialized 

devices  for  the  quantitative  microanalysis 

would  greatly  simplify  and  accelerate  its 

conduct,  would  MKM  make  more  accurate 

and  reliable  the  data  obtained, if  one  could 
(personal  factor) 

individual  traits. of  the  observer  on  the 

f\ 


quantitative  methods  of  geometric 

microanalysis  of  rocks.  Many  of  the  devices 

being  used  in  petrography  can  also  Mil  be 

used  in  metallographic  quantitative  analysis. 

The  use  of  stereometric  evaluation  of 

the  structure  of  alloy  does  not  exclude  the 

evaluation 

use  of  the  method  of  visual  XMXrtMKXM  by 
way  of  comparing  the  structure  /’being 
scales,  which  had  received  wide  distribution 


In  this  respect,  an  example  is  the  equipping  of  devices  with 
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in  metallographic  practice.  The  visual  evaluation  is  distinguished  by  unique 


speed  and  simplicity,  therefore  its  use  is  desirable  in  large-scale 


inspection  tests  under  conditions  of  plant  laboratories.  However  one  should  in  no 


way  forget  that  these  qualities  of  visual  evaluation  are  achieved  owing  to  the 


accuracy  of  determination.  It  is  subjective  and  therefore  is  inferior  to  the 


results  of  direct  measurements  or  calculations  of  the  parameters  of  interest  to  us. 


The  scales  of  standard  structures  being  used  in  stereometric  metallography, 


are  basically  different  from  the  scales  being  used  for  most  standard  semiquantitative 
analyses.  Each  standard  structure  should  be  evaluated  as  a  precise  value  of  that 
parameter,  for  the  visual  evaluation  of  which  it  is  intended,  but  not  in  any  case 


by  conventional  index  points  or  numbers.  Gradations  between  adjacent  standard 


structures  in  the  scale  are  selected  in  conformity  with  that  accuracy  which  is 
required  by  us  from  the  given  control  test  and  which  one  can  attain  in  practice  during 


visual  evaluation. 


IMX  For  instance  if  we  conduct  large-scale  control  tests  of  steel,  evaluating 
its  structure  on  the  basis  of  two  criteria,  namely  the  quantity  of  polite  and  its 

pgxaas 

structure  (disperse^  state) ,  we  should  have  two  series  of  standard  MMK 
photomicrographs.  One  of  them,  under^magnificatiou^let  us  say,  100,  corresponding 


to  the  working  magnification  during  control  inspection,  should  contain  a  number  of 
photos(or  sketched  structures)  with  an  increasing  content  of  polite. 


0/ 


If  the  accuracy  of  identification  of  perlite  during  visual  evaluation  is  assumed 


to  equal  5%  of  the  absolute  content  of  polite,  the  standard  &X  photomicrographs 


should  be  prepared  with  the  appropriate  gradations  (0,  5,  10,  15,  20  ...  %  of 


perlite  according  to  area).  The  character  of  the  structure  as  a  whole  (ferrite  in 


the  form  of  a  network,  perlite  and  ferrite  in  the  form  of  separate  grains  etc.)  in  the 


6  U 


i 


control  samples  of  steel  and  in  the  standard  photomicrographs  should  be  identical, 
since  this  promotes  a  greater  accuracy  of  identification  during  visual  evaluation. 

In  calibrating  the  MM  actual  standard  structure,  the  content  (area  of  perlite) 
should  be  determined  directly  in  the  actual  photomicrograph,  and  not  on  the 
filXMjffiXXyyM  microsection  from  which  the  photos  are  made. 

Just  as  for  an  estimation  of  the  dispersed  state  of  perlite,  which  we  assume 
is  conducted  at®" nagnification  of  1000,  we  prepare  a  set  of  standard  photomicrographs 
at  this  magnification.  In  each  photomicrograph  there  is  indicated  precisely 


isured  .(specif  i 


the  measured^ specifically  on  £K$  it)  and  then^XM  in  a  similar  manner  the  computed 
spatial 

parameter  of  KffifXrXT  structure  of  plrlite,  characterizing  its  dispersed  state,  namely 
the  value  of  interlamellar  distance  or  the  actual  value  of  specific  surface  of 


cementite. 


*c 

In  an  evaluation  of  the  quantity  of  perlite  and  its  dispersed  state,  one  does 
not  use  any  kind  of  conventional  symbols  or  codes.  The  estimation  is  conducted  by 
natural  values  of  geometric  parameters  of  spatial  structure,  namely  the  volumetric 
percent  of  perlite,  interlamellar  distance  in  microns,  specific  surface  of  cementite 


in  irair/mnK.  In  the  described  method  of  construction  of  scale,  we  always  have  the 


possibility  of  prolonging 


y  y) 

(or  dividing^mor 


ore  finely  in  any  individual  sector. 


The  sets  of  standard  photomicrographs  should  be  of  a  nature  XXXXM  inherent  to 


the  structures  being  inspected  in  the  given  production.  For  instance,  one  should 
never  use  the  same  scale  of  quantity  of  perlite  for  cast  steel,  for  rolling  with 
the  absence  or  presence  of  striation.  Any  standardization  of  sets  of  standard 


structures  inevitably  decreases  the  accuracy  of  the  evaluations  obtained. 


If  great  accuracy  is  required  and  the  tests  are  not  large-scale,  the  measurement 


of  parameters  then  should  be  conducted  by  the  methods  described  in  the  following  chapters. 
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It  needs  to  be  emphasized  that  all  these  methods  are  statistical  and  therefore  the 

i 

i 

accuracy  of  estimation  is  all  the  higher  the  more  the  readings  or  measurements 
that  are  conducted  for  obtaining  the  average  value  of  the  parameter  being  measured. 
Therein,  in  determining  any  average  value,  it  is  necessary  to  choose  the  items 
being  measured  at  random,  without  any  preference  in  relation  to  any  given  category 
of  values  being  measured  and  without  rejecting  those  which  are  even  quite 

substantially  different  from  the  vast  majority  of  measurements.  In  the  history 
of  statistical  analysis,  the  following  quite  indicative  case  is  known. 

In  the  past  Century,  measurements  were  conducted  in  England  for  determining 
geographic  longitudes.  In  the  first  processing  of  the  data  obtained^  not  all  the 
data  were  used  but  only  those  06-sbhcm  which  agreed  best  of  all  with  each  other. 

The  results  proved  so  inaccurate  that  the  measurements  were  completely  rejected. 
However,  the  data  of  measurements  were  retained  and  when  subsequently  they  were 
reprocessed,  wherein  in  the  calculation  all  data  were  accepted,  even  those  which 
appeared  contradictory,  the  results  proved  excellent  (3ibl,73).  Therefore,  also 
in  the  ffXXKXfllMXXft  determination,  e.g.  of  the  value  of  average  grain  it  is  necessary 
to  take  into  account  all  grains  without  exception  in  a  fixed  area,  without  disregarding 
even  the  smallest  of  them. 

In  the  further  discussion  it  is  convenient  to  adopt  a  system  of  symbols  of 

geometric  parameters  of  spatial  and  plane  structures,  which  were  used  in  previous 

studies.  Various  geometric  parameters  of  individual  microparticles  are 

with 

by  letters  of  the  Latin  alphabet, /which  it  is  conventional  to  denote  the  corresponding 
parameters  of  geometric  bodies  and  figures:  volume  V,  surface  S,  area  F,  linear 
dimensions  L  and  D  etc.  The  corresponding  average  values  are  signified  by  the  same 
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letters  with  a  vinculum  drawn  over  them.  The  total  values,  referred  to  a  unit 


volume  of  metal  or  to  a  unit  area  of  microsection, 


sign 

'sagsstZ,  placed  before  the  symbol  of  the  appropriate  parameter.  The  phase 


of  any  component  of  the  structure,  to  which  the  given  parameter  is  referred,  is 


witten  on  the  right  in  the  form  of  a  subscript. 

Table  6 


Title  of  Parameter 

Symbol 

Dimensionsriddcs 

Volume  of  individual  microparticle  . 

V 

mm^ 

Surface  of  individual  microparticle  . 

S 

? 

mm 

Diameter  of  spherical  microparticle  . 

D 

mm 

Length  of  linear  element  of  spatial  microstructure 

L 

mm 

Number  of  microparticles  per  unit  volume  of  alloy 

N 

-3 

mm  J 

Total  volume  of  microparticles  per 

unit  volume  of  alloy  ...  . 

zv 

mm-Vmm^ 

Total  surface  of  microparticles  per  unit 

MX  volume  of  alloy  . 

ZS 

mm^/mm^ 

Total  length  of  linear  elements  of  spatial 

microstructure  per  unit  volume  of  alloy  .... 

ZL 

mm/mm 

Area  of  individual  section  of  microparticle  in 

microsection  . . .  . 

F 

2 

mm 

Perimeter  of  individual  section  of  microparticle 

on  the  cut . . . 

P 

mm 

Diameter  of  section  of  round  microparticle  on  cut 

d 

mm 

Length  of  linear  element  of  plane  microstructure 

L 

mm 

Number  of  sections  of  microparticles  per  unit 

area  of  cut  ....  . 

R 

-2 

mm  * 

Total  area  of  sections  of  microparticles  per 

unit  area  of  cut  .,  . 

EF 

mm^/mm^ 

Total  length  of  perimeters  of  sections  of 

microparticles  per  unit  area  of  cut  . 

ZP 

2 

mm/mm4 

For  instance,  the  total  surface  of  graphite  deposits  per  unit  volume  of  iron 

a  kyvM  iyf 

is  °j  2S_,  the  average  volume  of  carbide  particle  by  V.  etc.  The  system 

of  notations  and  the  corresponding  units  of  measurements  of  parameters  are 


presented  in  Table  6. 
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CHAPTER  II 


QUANTITATIVE  PHASE  AND  STRUCTURAL  VOLUMETRIC  COMPOSITION 
OF  AN  ALLOY 

Section  9.  Phase  and  Structural  Composition  of  Alloy 

l V A 

Regarding  alloy  as  a  conglomerate  of  microparticles,  one  can  refer  these 

A 

microparticles  to  one  or  the  other  phase  or  structural  component.  The  total 
volume  of  microparticles  of  any  phase,  occurring  in  a  unit  volume  of  alloy,  ffiSXM 
determine  the  part-^being  occupied  by  this  phase^f  of  the  volume  of  alloy,  which 
M  can  also  be  expressed  in  volume  percentages.  In  metallography,  the  phase 
and  structural  composition  of  an  alloy  is  often  determined, using  the  "rule  of 
segments",  permitting  one  to  determine  (based  on  relative  quantity  of  phase  or 
structural  component)  the  composition  o^alloy  and  vice  versa.  A  classic  example 
of  such  a  type  is  the  determination  of  the  content  of  carbon  in  steel^based  on  the 
amount  of  perlite  in  its  structure. 

Originally,  the  methods  of  quantitative  analysis  of  phase  composition  of 
complex  aggregates  were  developed  by  geologists  and  petrographers  with  reference 
to  rocks  more  than  100  vrs  ago, for  finding  their  mir.er&Logical  composition.  At  present, 
these  methods  have  received  a  high  state  of  improvement  both  in  MpSX  rapidity  of 
carrying  out  the  analysis,  as  well  as  in  accuracy,  agreeing  successfully  with 
chemical  analysis  and  supplementing  it.  A  great  contribution  to  the  development  of 
improved  methods  and  the  development  of  appropriate  devices  was  made  by 

A. A. Glagolev,  whose  valuable  monograph  (3ibl.50)  is  quite  useful  not  only  for 
petrographers  but  also  for  each  metallurgist/  interested  in  quantitative  microaralysis. 
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In  this  respect,  metallography  has  M 


inadmissibly 


lagged.  As 


V.Yum-Rozeri  and  others  (3ibl.277)  testify,  many  metallurgists  have  an  erroneous 


concept  even  of  the  relationship  between  the  quantities  of  phases  on  an  area  of 


a  cut  and  in  the  volume  of  the  alloy,  assuming  that  the  ratio  of  areas  of 
phases  on  the  cut  should  be  raised  to  the  power  3/2,  in  order  to  obtain  the  ratio 


of  volumes  of  phases  in  the  alloy.  Up  to  the  present,  XKM  the  most  primitive 


methods  are  being  used  for  determining  the  areas  of  phases  and  structural 


components  on  a  microsection,  and  in  the  textbooks  for  metallography  and  metallurgy, 


it  is  almost  a  rule  that  no  other  methods  of  determining  the  phase  and  structural 


composition,  other  than  an  estimation  of  areas  "by  sight",  are  mentioned 


(3ibl.74,  75).  At  the  same  time,  a  knowledge  of  the  phase  and  structural 


composition  of  the  alloy  is  quite  important  for  the  metallurgist.  The  structural 


composition  of  an  alloy  provides  us  with  such  data  about  it,  which  cannot  be 


obtained  by  the  methods  of  chemical  analysis,  as  for  instance  the  content  in  steel 
of  structures  of  varying  degree  of  decay  of  austenite  (perlite,  sorbite,  troostite 
etc.). 


Evidently  the  reason  for  the  lagging  of  metallography  in  this  field  is  the 
lack  of  familiarity  of  metallurgists  with  the  potentialities  of  qualitative 
determination  of  structural  composition  and  XX&MX&IX  the  widespread  incorrect  concept 
of  it  as  a  very  inaccurate  type  of  analysis,  which  ifMMXXgXM  can  yield  only 
approximate  figures,  considerably  inferior  to  the  chemical  analysis  data.  We  will 
show  in  a  number  of  examples  taken  from  the  practice  of  petrography  and  metallography 
that  this  is  far  from  the  case. 


In  a  description  of  the  Ahumada  palasite,  given  by  0. Farrington,  a  photograph 


was  presented  of  the  polished  surface  of  palasite^and  its  specific  weight  was 
given.  N.P.Chirvinskiy  conducted  measurements  of  quantities  of  components  (well 
visible  on  a  photograph)of  components  of  rock  (nickel  iron  and  olivine),  and  using 
theoretical  specific  weights  of  the  components,  computed  the  specific  MYgBflCX  weight 
of  palasite,  which  proved  higher  than  the  figure  presented  by  0. Farrington. 

N.P.Chirvinskiy  writes  USSM  "I  asked  him  to  conduct  a  checking  determination  of 
the  specific  weight  of  palasite,  and  it  turned  out  that  I  was  correct,  which  was 
testified  to  not  only  by  a  letter  in  my  name,  but  also  in  one  of  the  later  reports" 
(Bibl.76).  Hence,  the  quantitative  microanalysis  proved  more  reliable  and  more 
accurate  than  such  a  methodologically  simple  determination  as  that  of  specific 
weight . 

As  early  as  192u,  Ye.P.Polushkin,  having  made  a  "metallographic  planim.eter" 
of  the  most  primitive  design,  conducted  a  determination  of  structural  composition 
of  a  number  of  samples  of  steels,  irons  and  phosphoritic  bronze.  3ased 

ik' 

on  specific  weights  of  structural  elements  of  alloy  and  of  the  alloy  itself  on 
the  basis  of  planimetric  measurements  of  areas  occupied  by  these  elements 

on  the  cut,  he  computed  the  KMMMX  chemical  composition  of  the  alloy  and  compared 
it  with  the  chemical  analysis  data.  The  data  obtained  are  presented  in  Table  7  and 
indicate  the  good  convergence  (correlation)  of  figures  obtained  by  way  of  microscopic 
and  chemical  analyses  (8ibl.51).  The  same  kind  of  deviation  (sic)  is  also  often 
observed  during  repeated  chemical  analyses. 

In  recent  times,  the  use  of  more  improved  methods  and  special  devices  increased 
even  more  the  accuracy  and  reliability  of  determining  the  phase  composition  of  alloys 
and  permitted  its  use  in  the  area  of  metallurgy,  requiring  an  especially  accurate  and 
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reliable  method,  namely  in  the  construction  of  equilibrium  diagrams. 


Recently,  L.Beck  and  S. Smith,  using  the  method  of  quantitative  microanalysis, 
successfully  conducted  an  investigation  to  refine  the  position  of  the  lines 
of  the  equilibrium  diagram  of  copper  and  zinc  alloys,  delimiting  the  areas  of 
existence  of  a,a  +  p,  ft  £  +  yand  y-phases  (3ibl.77).  By  way  of  quantitative 

Table  7 


Rolled  steel  .  ....... 

Cast  crucible  steel,  annealed  at 

1000°C  . 

The  same . . . 

The  same  .........  . 

White  iron  with  traces  of  graphite  . 
Gray  iron  (3.04$  C  and  2.89$  Si) 
Phosphoritic  copper  ........ 


c ) 

d)  ‘ 

e) 

0,20 

0,24 

0,46 

0,50 

0,74 

0,78 

1,24 

1,32 

3,93 

3,80 

1,43 

1,40 

10,38 

10,33 

a)  Characteristic  of  alloy;  b)  Element;  c)  Weight  content,  %,  determined; 
d)  Planime tr i cally ;  e)  Sy  chemical  analysis;  f)  Carbon;  g)  Phosphorus 


microanalysis,  there  was  determined  the  phase  composition  of  each  two-phase  alloy. 

In  Fig. 17  are  shown  types  of  derived  dependences  of  quantity  of 

P -phase  in  the  structure  as  a  function  of  the  content  of  copper  in  the  alloy  at 

was 

various  temperatures  of  phase  equilibrium.  The  group  of  lines  in  Fig. 17, a  XSEfe 
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lb)  , 

D  0 

Fig. I'1  _  Met  all  .graphic  Determination  of  Content  of  f?  -Phase  in  Alloys  of  opper 
with  Zinc,  in  State  of  Equilibrium  withy-Phase  (a)  and  with  a-Phase  (b)  at  various 
Temperatures  [L.Beck  and  S.Snlith  (3ibl.77)] 
a)  Weight  content  of p -phase;  b)  Weight  content  of  copper,  % 


obtained  for  equilibrium  of  ft  -phase  with  thejr-phase,  while  in  Fig. 17, b  for 
equilibrium  of  ^ -phase  with  the^-phase.  There  was  established,  as  we  shall  see, 
a  very  distinct  linear  relationship,  which  permits  one,  by  way  of  slight  extrapolation, 
to  find  concentrations  of  copper  MMX  corresponding  to  the  0  and  100#  content  of 
-phase  at  various  temperature.  These  concentrations  also  fix  the  position  of  DC 
lines  of  an  equilibrium  diagram  at  given  temperatures.  Measurement  of  parameters  of 
the  lattice  agrees  well  with  the  data  obtained  by  way  of  quantitative  microanalysis. 

However,  along  with  the  successful  use  of  this  method,  it  is  noteworthy  that 
ih  the  practice  of  metallurgy  there  also  takefj  place  such  cases  when  the  results  of 
metallographic  analysis  prove  unsatisfactory.  For  instance,  J.R.Lane  and  N.J .Grant, 
using  methods  of  quantitative  microanalysis  (3ibl.78),  were  unable  to  reveal  the 
kinetics  of  change  in  content  of  MMXXMXMMISM^  carbides  of  chromium,  niobium 
and  tantalum  during  the  aging  of  heat-resistant  steels.  This  only  confirms  the 
need  for  familiarizing  metallurgists  with  the  actual  potentialities  of  individual 
methods  of  determining  the  phase  composition  with  the  purpose  of  their  more  correct 
application. 

Cavalieri 

Section  10.  Principle  of  and  Its  Application  to  Quantitative  Metallographic 

Analysis 

Existing  methods  of  quantitative  phase  and  structural  analysis  both  of  rocks  and 
of  metal  alloys  are  based  on  the  so-called  principle  of  HXMXMjjOCX  Cavalieri. 

A  student  XXXKXTX  of  Galileo,  the  Italian  geometrician  Bonaventura  Cavalieri 
(1598  -  16A7)  proposed  methods  of  measuring  and  comparing  the  areas  of  plane  figures 
and  also  the  volumes  of  bodies  vdth  the  aid  of  a  unique  type  of  infinitely  small 
values,  namely  "indivisible  aicSh*  continuous"  (79)*  Cavalieri  regards  plane  figures 
as  consisting  of  a  infinitely  large  number  of  mutually  parallel  lines,  and  bodies  as 


XXX 
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<|/A 

consisting  of  infinitely  large  number  of  mutually  parallel  planes. 

A 

Therefore  for  comparison  of  areas  of  two  figures,  straight  lines  are  used  which 

right 

are  parallel  to  a  certain  given  line  (called  the  regulus).  An  infinite 

number  of  parallel  straight  lines  iM.  is  located  between  the  two  straight  lines 

i 

tangent  to  these  figures  from  opposite  sides.  These  two  lines  are  called  "paired 

tangents"  and  one  of  them  is  usually  taken  as  the  regulus.  If  the  lengths  of  the 

segments^  cutting  off  the  outlines  of  the  figures  at  each  of  the  straight  lines, 

equal  each  other  by  pairs^or  are  located  in  a  fixed  position  constant  for  all 

pairs  of  segments,  then  the  areas  of  the  figures  under  consideration  will  also 

equal  each  other  or  will  be  located  in  the  same  relationships  as  the  segment. 

Let  FEHG  and  A3CD  (Fig. 18)  be  compared  with  one  another,  wherein  both  figures 

are  enclosed  between  the  parallel  lines  IK  and  LM  bounding  them;  we  can  take  either 

of  the  parallel  lines  for  the  regulus.  Let  us  intersect  them  with  a  number  of 

straight  lines  parallel  to  the  regulus,  and  we  will  compare  segments  RS  with  NO, 

FH  with  BD,  and  TV  with  PQ.  If  all  these  pairs  of  segments  equal  each  other  (as 

occurs  in  Fig. 18),  and  also  any  other  straight  line  parallel  to  the  regulus, 

IMKMM  intersecting  the  figure,  yields  if  segments,  which  are  equal  to  each  other  by 

pairs,  then  the  actual  figures  FEHG  and  ABCD  will  be  of  equal  area.  However  if  all 

pairs  of  segments  were  situated  in  a  fixed  position  with  relation  to  each  other, 

the  areas  of  figures  would  occur  in  the  very  same  relationship. 

Similarly  to  what  has  been  said  SMM  above,  the  principle  of  Cavalieri  M^piMX 

ffi£2£KIK$XKK£X  is  used  to  compare  the  volumes  of  two  bodies,  the  only  difference  being 

that  the  straight  lines  are  replaced  by  plane  figures,  and  the  segments  by  sections. 

about 

Let  us  consider  two  bodies,  formed  by  rotation  the  axis  OC'  of  the 
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semicircle  A0*3,  written  into  the  rectangle  A3DC  and  the  triangle  GOD  (Fig. 19). 

"cup" 

The  semicircle  forms  a  'tjuctsj  the  axial  section  of  which  is  hac-hured  in  the  drawing. 


while  the  trig-  triangle  forms  a  cone.  It  may  be  shown  that  in  any  horizontal  section 

surface  of  revolution,  "cup"  surface  of 

the  r m» y-rfyrr ntj±±nr ,  formed  by  the  segment  within  the  ab,  equals  the 

revolution 

M±a±±EX  formed  by  the  segment  within  the  cone  cd.  To  the  extent  that  this  is 

"Eup" 

so,  according  to  the  principle  of  Cavalieri,  the  volumes  of  the  in  the  cone 


also  equal  each  MM£  other,  which  takes  place  in  reality. 


/  i  AH 


Fig. 18  -  Comparison  of  Areas  of  Two  Figures  according  to  Lengths  of 

PAired  Segments  (according  to  Cavalieri) 

As  we  see,  using  the  Cavalieri  principle,  we  can  replace  the  measurement  of 
areas  of  two  figures,  being  compared,  by  a  measurement  of  segments  of  straight  lines, 
and  the  measurement  XX  of  volumes  of  two  bodies  (being  compared)  can  be  replaced  by 
a  measurement  of  areas.  Otherwise  expressed,  vre  get  the  chance  to  decrease  the 
degree  of  dimensionality  of  the  elements  being  measured  in  comparison  with  the 
dimensionality  of  the  objects  themselves.  This  permits  a  determination  of  the 
volume  of  microparticles  based  on  their  plane  sections  on  a  microsection  or  based 
on  segments  of  lines  passing  within  the  microparticles. 

The  Cavilieri  principle  was  generalized  in  1929  with  application  to  quantitative 
microscopic  analysis  by  A. Aker  in  the  following  form:  if  several  groups  of  contours 
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on  a  plane,  located  between  parallel  straight  lines,  have  intersections  (segments), 

whose  are  in  proportion 

X2We  lengths iotficwtetotexJOOQfflOlte  constant  rsuafewmship  with  any  line,  parallel  to  the 

areas 

two  given  lines,  the  XMX  of  these  groups  of  contours  will  then  occur  in  the  same 

proportion  or  ratio 
xffleia&fflODsbip:  themselves. 


Fig. 19  -  Comparison  of  Volumes  of  Two  Bodies  (*of  a  bmti"  and 

Paired 

of  a  cone)  Based  on  Areas  of  Baped  Sections 

In  exactly  the  same  way,  if  several  groups  of  bodies  located  between  two 

whose  are  at  a  constant  ratio 

parallel  planes  have  sectionsyxbhoc  areas  afowhd®tooixoiKKxi^jooD3^ 

in  any  plane,  parallel  to  the  M  two  given  ones,  the  volumes  of  these  groups  of 
be  at  the  same  ratio 

bodies  will  then 
(Bibl.50). 

In  the  volume  of  a  XMXZ  two-  phase  alloy,  distinguished  by uniform 
distribution  of  microparticles  of  phases  a  and|3,  let  us  set  off  the  cube  (l),  shown 
in  Fig. 20,  and  w*=will  compare  it  with  cube  (2)  of  the  same  size.  The  plane  of  the 
bases  of  both  cubes  A  we  will  accept  as  the  regulus  and  draw  a  series  of  planes/ 
parallel  to  it  and  intersecting  both  cubes.  On  the  upper  facej^  of  cube  (2)  we 
set  off  the  area  abde,  equaling  the  area  occupied  by  the  a -phase  on  the  upper  face^ 
of  cube  (1).  If  the  phase  composition  of  the  alloy  is  ideally  uniform,  then  in 
any  plane,  jSfiftTnTXX  parallel  to  the  regulus,  the  area  occupied  by  the  a-phase  will 
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have  one  and  the  same  value.  Therefore  the  relationship^  of  MM#  volumes  of 


phases  a  and  p  in  the  alloy,  in  conformity  with  the  proposition  of  Cavalieri-Aker, 


will  equal  the  relationship  of  volumes  of  hachured  and  nonhachured  HMXMM  sectors 

ratio 

of  cube  (2)  or,  which  is  the  same,  will  equal  the  of  rectangles  abde 


and  beef. 


on 

Moreover,  if  we  accept  the  ISiKKXI  line  ik  for  the  regulus,  then  XK  any  line, 

face 

parallel  to  it,  drawn  on  the  upper  of  the  cube  (or  on  any  parallel  section), 


the  total  length  of  the  segments  passing  within  the  a  -phase  will  be  constant  and 


wall  equal  the  value  ab.  Therefore  the  relationship  of  volumes  of  phases  in  the 


alloy  will  also  equal  the  relationship  of  lengths  of  segments  ab  and  be. 

Consequently  from  the  proposition  of  Cavalieri-Aker,  one  can  form  the  following 
quantities, namely  the  volume  occupied 

conclusion:  the  three  by  any  phase  KX  in  the 

interior  of  the  alloy;  the  area  occupied 

by  the  same  phase  per  unit  jaeBtarea  of  cut; 


and  the  total  length  of  segments  of  a  straight  line  passing  within  this  phase, 

referred  to  the  length  of  a  straight  line  intersecting  the  alloy  (or  cut),  are 

numerically  equal  to  one  another.  Otherwise  expressed,  the  percent  content  of  a 

interior  of  an 

giver,  phase  ir.  the  xeiJK2xafxiQ^cS'.  alloy,  on  the  area  of  the  cut, or  on  the  length  of 
the  straight  line  is  expressed  by  the  same  iraiuexx  quantify. 

In  actual  alloys  with  which  we  must  deal,  the  phase  composition  is  not 
ideally  uniform  in  volume,  and  the  samples  being  studied  under  the  microscope  have 


finite  dimensions.  Therefore  in  the  diagram  shown  in  Fig. 21  there  will  occur  a 

in 

fluctuation  of  area  being  occupied  by  thea-phase,  X&  differing  sections,  parallel 
to  the  regulus  A,  and  also  a  fluctuation  of  lengths  of  segments  passing  within  the 
a-phase,  or,  various  lines  parallel  to  regulus  ik  (as  is  illustrated  by  the  wavy  lines 
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Fig. 20  -  Application  of  Cavalieri-Aker  Principle  at  Uniform  Structure 
of  Alloy- 

in  Fig. 20).  Hence,  these  values  can  be  regarded  as  statistically  constant  and, 

6Ls 

strictly  speaking,  the  content  of  given  phase  in  the  microsection  coincides 

A 

mathematically  exactly  with  the  volumetric  content  of  this  phase  in  an  infinitely 
thin  layer  directly  contiguous  to  the  plane  of  the  microsection.  The  matching  of 
data,  obtained  in  a  random  microsection,  to  the  volumetric  phase  composition 
depends  upon  the  chemical  and  structural  uniformity  of  the  alloy  and  also  upon  the 
correctness  of  choice  of  position  of  the  jftlSMMjflCraM  microsection’s  plane. 

M.S. Aronovich  and  I.M.Lyubarskiy  made  measurements  of  an  area  of  microsection 
occupied  by  nonmetallic  inclusions,  in  a  number  of  samples  of  rolled  steel,  wherein 
for  each  sample  a  pair  of  transverse  cuts  was  prepared.  The  curve  shown,  in  Fig. 21 
drawn  on  the  basis  of  their  data  (3ibl,80),  confirms  the  practical  constancy  of 

4 

the  total  areas  of  nonmetallic  inclusions  in  pdred  microsections  of  each  sample. 

It  is  quite  obvious  that  the  variation  in  readings  for  various  cuts,  being 
caused  bv  fluctuation  in  chemical  and  structural  composition  in  the  volume  of  the 

I 

ingot,  casting, or  rolled  piece,  should  in  no  way  be  confused  with  the  accuracy  of 

! 

the  method  of  determining  the  phase  composition  in  the  volume  based  on  relationship 

-important , 

of  areas  ir.  the  cut  or,  what  is  more\  should  rot  raise  doubt  as  tit  to  the  correctness 
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of  its  mathematical  basis.  The  method,  permitting  the  exposure  and  estimation 


of  the  degree  of  heterogeneity  of  phase  composition  is  more  sensitive  and  therefore 


20 30  40 

Jo) 


more  valuable  than  the  method  in capable 


of  revealing  it. 


Therefore  the  fluctuation  in  readings 


of  individual  cuts  is  fully  regular.  At 


the  same  time,  it  is  necessary  to  note  a 


number  of  factors,  upon  which  there 


significantly  depend  the  maximum  conformity 


Fig. 21  -  Total  Areas  of  Monnetallic  of  the  phase  and  structural  composition, 


Inclusions  in  Paired  Sections  of  Rods  of 
Rolled  Metal  [after  M.S. Aronovich  and 
I.M.Lyubarskiy  (3ibl.80)] 
a)  Second  section;  b)  First  section 


the  ratio  of 

determined  on  the  basis  ofjgg^^gffigyd? 


y^¥'  areas  in  the  microsection  to  the  actual 


volumetric  composition  of  the  alloy. 


Section  11.  Spatial  Symmetry  of  Microstructure  and  Selection  of  Microsection 
Surface 


occurs  -m/ 

As  a  rule,  in  alloys  there  tefosxplOTte  a  zonal  heterogeneity  ofmicroscopic 


structure  in  general  and  tf  phase  composition,  specifically  caused  by  the  process  of 
formation  of  the  ingot  and  its  subsequent  nraxAsMxsgxx  working. 

In  most  cases,  the  curve  of  change  in  phase  composition  in  the  direction  from ~£$8j 


center  tcrxmrface  of  ingot,  rolledjor  cast  piece,  runs  evenly  and  is  symmetrical 
relative  to  the  axis  or  to  the  surface  of  symmetry  of  the  item.  The  Cavalier i-Aker 


principle  will  unconditionally  remain  in  force  in  these  cases  also,  but  great 


significance  is  acquired  by  the  proper  choice  of  a  section,  intended  for  microscopic 


investigation. 


Let  us  examine  two  main  types  of  nonuniformity  of  phase  composition,  found 


most  frequently: 


1 


Nonuniformity 

a)  fctSSgitfcSErfcy  with  axial  symmetry,  typical  for  articles  which  have 


a  predominant  dimension  in  one  direction,  namely  rolled  or  cast  pieces  of 

equlaxed  wire,  axles, 

approximately  transverse  section,  shafts,  etc} 


b)  Nonuniformity  with  surface  symmetry, 

spread 

typical  for  articles  in  which  the  35S&SM  in 

directions  exceeds 

two  $8g0U§e§g6te£  markedly  the 

direction, 

dimension  in  the  third  n*ej@§KiO®ffiBt,  namely 


rolled  sheets,  plate- type  castings, etc. 

In  Fig. 22,  we  show  schematically  the 
disproportion  in  the  composition  in  a  rolled 
piece  of  round  profile,  having  axial  symmetry. 
It  is  clear  that  the  structure  in  all  cross 


sections  proves  similar  and  the  content  of 


the  given  phase  in  all  such  sections  will  be  a 

quantity. 

statistically  constant  xsa&nso  Deviation  in 


Fig. 22  -  Irregularity  of  Structure  this  value,  determined  in  a  number  of  cross 
with  Axial  Symmetry  and  Its  Effect 

sections,  reflects  the  disproportion  in  the 
upon  the  Surface  Structure,  as  a  Function 
of  the 

BependPngoupon  the  Position  of  the  chemical  and  structural  composition  along  the 


Plane  of  the  filer o section 
a)  Along  ab;  b)  Along  cd 


length  of  the  :-od,  and  its  statistically  average 


value  coincides  exactly  with  the  content  of 


given  phase  in  the  volume  of  alloy.  Limiting  ourselves  to  a  single  cross  section 


for  judging  the  volumetric  phase  composition,  we  risk  li'm  an  error  in  the 


value  which  is  relatively  small,  being  determined  by  deviation  in  compositior 
along  the 

rtoo^eebo the  length  of  rod. 


In  a  series  of  longitudinal  microsections,  the  surfaces  of  which  coincide  with 


0/ 

the  axis  of  the  rod,  the  content  of  given  phase  will  also  be  a  statistical  constant. 


However  the  statistically  average  figure  for  this  value,  even  though  determined  for 

cu 

a  very  high  number  of  samples,  will  not  coincide  with  the  content  of/given  phase 

Section  8. 

in  the  volume  of  the  alloy,  as  *****  was  shown  in  Moreover,  in  the 

along 

longitudinal  cuts  there  is  reflected  not  only  the  change  in  composition 

the  along  the  cross  section, 

±»  length  ofrod,  but  also  the  distribution  of  disproportion 


if  its  symmetry  deviates  from  axial  (for  instance, in  the  presence  of  a  segregation 
in  rolled  stock  of 

square  round  profile). 


Therefore,  in  the  case  of 

axial  symmetry  of  heterogeneity  of 

phase  composition,  it  IM  is  most 

cuts. 

feasible  to  use  cross  saK&&a»@.  This 

proposition  was  reflected  in  a  number 
for 

of  methods  determining  the 
contamination  of  steel  by  nonmetallic 


inclusions  (the  method  of  the 

Fig. 23  -  Diagram  8X  for  Conclusion  of  Eq.(11.3) 

Ukrainian  XXX  Institute  of  the  Metals 


etc.),  although  basically  for  this  purpose  longitudinal  axial  cuts  are  used.  Using 

the  latter,  we  can  estimate  the  inclusions  £MMXMXXMXX$pD£  according  to  the  types, 

having  a  differing  effect  upon  the  properties  of  steel,  with  a  division  of  them  into 

brittle,  plastic  and  solid  inclusions,  determining  them  quantitatively.  Therefore, 

let  us  consider  the  conditions  under  which  an  estimate  based  or.  a  longitudinal  cut  will 

the  interior  of 

agree  with  the  content  of  the  given  phase  in  j&yV'&W’tEf  metal. 

In  Fig. 23,  there  is  shown  a  cross  section  of  round  rolled  iron,  the  structure  of 
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which,  as  we  assume,  has  qpp  axial  symmetry.  If  the  radius  of  the  field  of 
nisie^of  the  microscope  equals  <f,  while  the  center  of  the  field  is  located  at 
the  distance  ft  from  the  center  of  the  section  (i.e.  from  the  axis  of  symmetry),  this 
field  then  represents  the  structure  of  the  hachured  annular  zone  in  the  cut,  the 
area  of  which  equals: 


F  =*[(/?  +  P)2  -(R-  t>)2]  =  4k/?  p. 


(11.1) 


Let  us  assume  that  we  determined  the  relative  area  of  the  given  phase  in  a 
number  of  fields  of  *^5cuol.-  SQCKflOCfflfffiK  characterizing  the  various  annular  zones 
of  cross  section  of  the  rolled  iron.  If  in  the  fields  of  the  centers  of 

which  are  located  at  the  distances  R, ,  IL,,  ...  from  the  axis  of  symmetry,  there 
are  obtained  respectively  the  values  of  content  of  the  unknown  phase,  equaling  a-^, 
a.2>  3-j  ...,  then  the  average  suspended  content,  typifying  the  entire  area  of  the 
section  as  a  whole,  will  equal: 


a  CiF i  -f-  dzF 2  -j-  (I3F 3 


+  R»  +  F  s+ 


(11.2) 


or,  having  substituted  the  corresponding  values  of  annular  areas  from  MX  eq.(ll.l), 
we  get: 

—  _  UlRi  4~  ~f~  CI3R3  -H . 

Ri  “f-  R3 .  (11*3) 

The  last  formula  is  a  mathematically  precise  expression  o?average  content  of 

phase  both  in  the  area  of  the  cut,  as  well  as  in  the  volume  of  the  alloy.  Moreover, 

this  formula  is  suitable  for  computing  the  average  suspended  value  of  any  other 
structural  parameter,  variable  in  cross  section, 

nd  also  of  other  indexes  of 
cross 

properties  of  the  alloy,  the  value  of  which  is  not  constant  in  section.  For  instance, 

based  or.  eq.(ll.3),  one  can  compute  the  mean  value  of  hardness,  typifying  as  a  whole 

a  specimen, 

the  entire  volume  of  hardened  steel  cylindrical  xaxpiba,  incompletely  annealed. 
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Wi 


weighed 

XMK  The  need  for  computing  the  average  X33ts  and  not  merely  the  average 


view, 


arithmetical 

MISflSCHQSQ  value  based  or*  data  obtained  in  a  number  of  fields  of  was 


noted  at  an  earlier  data.  To  estimate  the  content  of  nonmetallic  inclusions  in 


a  volume  of  steel,  there  are  known,  e.g.,  the  methods  of  Gerti  for  cast  steel 

(3ibl.82)  and  Fert-3rown  for  rolling  (3ibl,23),  taking  into  account  the  importance 

view. 

of  evaluating  each  field  of  v£§$9@.  Nevertheless,  in  most  cases,  there  is  adopted 


the  simple  arithmetic  mean  without  taking  into  account  XM2I  the  distance  of  the 
view  specimen. 

field  of  vision  from  the  center  of  the  ^sample .  Depending  upon  the  degree  of 


dissimilarity  of  phase  composition,  this  may  lead  to  the  obtainment  of  high  readings 


(estimates). 


3ased  on  data  of  B.B.Gulyeva,  presented  in  Fig. 12,  the  volumetric  percentage 

varies  along 

of  nonmetallic  inclusions  ohangeaotong  the  radius  of  a  steel  casting  approximately 


as  follows: 


Distance  from  Center,  mm  Volumetric  Percent 

of  Inclusions 


10 

0,041 

20 

0,051 

30 

0,048 

40 

0,043 

45 

0,023 

47,5 

0,014 

The  arithmetic  mean  comprises  0.0367#  by  volume,  whereas  based  on  eq.(11.3), 

we  get  0.0327#.  Hence,  for  the  case  of  relatively  slight  dissimilarity  owing  only 
&SI  to  incorrectness  of  the  mathematical  calculation,  the  error  in  determination 
comprises  more  than  12#  of  the  actual  average  content  of  inclusions  in  the  volume  of 
steel. 

Equation  (11.3)  is  valid  both  for  transverse  as  well  as  for  lr-gitudinal  cuts, 

but  IX  its  use  presupposes  a  mandatory  linear  uniform  arrangement  of  the  fields  of 
view 

rxsksa  along  the  radius  or  diameter  of  the  section  of  the  article  (in  a  transverse 
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fields  of 

or  longitudinal  cut).  If  the  liSM-XMXHXt*  take  in  the  entire  area  of  the 
transverse  cut  or  are  distributed  statistically  SSCKM1  evenly  along  it,  one  should 
compute  the  overall  estimate  as  the  arithmetic  mean,  since  the  areas  of  annular  zones 
and  hence  the  number  of  fields  of  occurring  in  them  are  proportional  to  the 

radii  of  the  corresponding  zones.  In  a  lengthwise  cut,  even  at  uniform  distribution 
of  fields  of  along  the  cut,  the  use  of  eq.(ll,3)  is  quite  mandatory,  since 

here  the  area  of  sections  of  all  annular  zones  are  the  same  and  do  not  depend  upon 


their  radius. 


sTi 


is  a  simpler  matter  in  the  presence  of  plane  symmetry  of 


sterogeneity  of 


phase  composition.  In  Fig. 24  we  show  schematically  a  part  of  the  volume  of  a 
rolled  sheet,  having  the  form  of  a  ptMXI&Ii  parallelepiped  (l),  which  we  will 
compare  with  the  same  parallelepiped  (2).  In  the  upper  face*  of  the  latter  we 
set  off  the  area  abde,  equaling  KX  the  area  occupied  by  the  a-phase  in  the  3ame 


side^  of  parallelepiped  (1).  Having  assumed  the  plane  of  base  A  for  the 


regulus,  we  draw  a  number  of  sections,  parallel  to  it  and  intersecting  both 
parallelepipeds.  Since  in  each  section  the  area,  occupied  by  the  a-phase,  is 
statistically  constant,  according  to  the  Cavalieri-Aker  principle,  the  ratio  of 
volumes  of  the  a-  and  [3-phases  in  the  alloy  will  equal  the  ratio  of  volumes  of 
the  iJ^^swhatched  and  hatched  sectors  of  the  parallelepiped  (2)  or  the 

ratio  of  areas  of  the  rectangles  abde  and  beef.  Moreover,  if  we  take  the  line  ik 
for  the  regulus,  then  on  any  line  parallel  to  it  and  intersecting  both  parallelepiped^, 
the  total  length  of  segments  passing  within  the  a-phase  will  be  constant  and  equal 
to  the  segment  ab.  Therefore  the  ratio  of  volumes  of  phases  in  the  alloy  will  also 


equal  the  ratio  of  lengths  of  the  segments  ab  and  be. 


EL 


From  the  diagram  in  Fig.2^  it  is  clear  that  it  is  quite  irrational  to  locate 


the  planes  of  the  cuts  parallel  to  the  surface  of  the  sheet.  In  a  number  of  such 

mean-square 

cuts,  there  will  occur  abrupt  changes  in  the  phase  composition,  the  suet agec 
deviation  of  content  of  each  phase  will  prove  quite  considerable  with 
relation  to  the  average  contents  of  phases  and  a  large  number  of  cuts  will  be 
needed  for  obtaining  more  or  less  reliable  values,  reflecting  the  actual  phase 
composition  in  the  volume  of  alloy. 

Thence  it  follows  that  a  mandatory  condition  which  must  be  observed  during 
quantitative  microanalysis  of  alloys  with  plane  sjmmetry  of  heterogeneity,  is  the 

perpendicularity  of  the  plane  of  the  cut  or  of  the  intersecting  lines  to  the  plane 

the 

of  symmetry  of  heterogeneity,  or  which  is  the  same,  to  the  surface  of  the  sheet 

(or  to  the  plane  of  the  MU  side  of  the  casting,  ingot,  surface  of  plate  etc.). 

the 

Only  under  this  condition  does  the  ratio  of  the  phases  in  the  area  of  cut  and  in 

phase  ratio 

the  intersecting  line  coincide  with  the  actual  raii&r^mdatinHsddqi^^  in 

the  volume  of  the  alloy. 


Fig.2/i  -  Use  of  the  Cavalari-Aker  Principle  ir  Case  of  Structure  with  Plane 
Symmetry:  H  -  Thickness  of  Sheet 
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Here  we  examined  only  two  types  of  symmetry  of  heterogeneity,*  however  they 

ourselves 

take  in  the  vast  majority  of  objects  of  microanalysis.  We  restrict  MKMEf&X 
to  the  above  presented  examples,  because  they  are  sufficient  for  tgfe  metallurgists 
to  be  able  to  approach  knowingly  the  selection  of  a  plane  of  cut  and  &  the  use  of 
the  primary  data  obtained  during  fflHMXMXX  microanalysis  and  KX  in  more  complex 
cases,  which  here  we  shall  in  no  way  foresee  or  describe. 

Section  12.  Effect  of  Nature  of  Structure 

The  jjyxpiKX  proposition  of  Cavalieri-Aker  proceeds  from  the  assumption  that 
a  cut  of  a  multicomponent  aggregate  represents  a  geometric  plane.  Moreover,  from 
data  adduced  in  Section  8  it  follows  that  the  surface  of  $1  metallographic  cuts 

is  not  ideally  flat,  but  has  a  microrelief  with  depth  of  the  order  of  0.1  -  0.5  micron, 

A 

which  can  even  prove  to  be  considerably  greater  in  case  of  improper  preparation  of" 
cut. 


If  the  sizes  of  microparticles  considerably  surpass  the  depth  of  microrelief 
upon  the 

of  the  cut,  its  influence  MXX  result  of  XM  quantitative  determination  of  phase 
composition  can  then  be  disregarded.  However,  the  error  becomes  quite  noticeable 
when  the  depth  of  microrelief  is  comparable  with  the  sizes  of  the  particles.  Thence 
it  follows  that  tG»  difficulties  should  arise  in  an  analysis  of  highly  disperse^ 
phases,  especially  during  investigation  under  an  electron  microscope.  Among  the 
phases  of  such  a  type,  XX  of  great  interest  are  above  all  the  carbide  phases  and  the 
nonmetallic  jJKpSfStSBfe  inclusions  in  steel. 

In  the  electron-microscopic  analysis  of  dispersed  ferrite-carbide  mixtures, 
there  occurs  as  a  rule  an  increased  content  of  carbide  phase  as  compared  with 
theoretical  calculation.  An  electron -microscopic  investigation  of  the  structure 
of  troostite  and  of  annealed  martensite,  conducted  by  N.N. Buynov  and  R.K.Lerinnon, 
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showed  that  the  area  being  occupied  by  carbides  considerably 


the  area 


determined  by  the  ratio  of  ferrite  and  carbide  in  those  structures.  A  similar 


observation  was  made  earlier  by  KXK&I2MISK  R.Heidnreich  and  V.Pek  (9ibl.83). 


•Sts 

n  cor. 


N.N.Lyulicheva  obtained  the  following  dependence  or  content  of  carbide  phase,  in jug 
photomicrographs , 

observed  in  electron  upon  the  temperature  of  10 -hr  annealing  of 

type  U7  steel  (the  content  of  carbon  was  0,69$,  the  volume  of  carbide  phase  by 
calculation,  was  IEX3XS  10.6,T!): 


Annealing  Temperature,  °C  Volume  of  Carbide 

Phase,  % 


450 

45 

550 

38 

650 

29 

700 

15 

Only  a  prolonged  annealing  at  a  temperature  of  680  -  700°  assured  a  sufficient 

enlarging  of  the  microparticles  of  carbides  and  the  coincidence  of  data  of 

microanalysis  with  the  theoretical  calculation  (Bibl.84).  It  is  noteworthy  that 

the  observed  increase  in  content  of  carbides  along  with  the  increase  of  their 
degree  of  dispersion, 

ddbpsD3sdo$d>fl&e ,  possibly  is  by  no  means  fully  attributable  to  the  shortcomings 

of  the  techniques  of  microanaiysis,  since  there  is  no  assurance  of  the  constancy  of 

the  composition  of  carbides,  obtained  under  various  conditions  and  having  a  differing 
degree  of  dispersion. 

For  example,  based  on  B.A.Apayev's  data,  obtained  on  the  basis  of 

magnetic  analysis  ofxJti^BpTI^  steel,  the  content  of  carbide  phase  can  constitute 

27  -  A 5%  (3ibl.85).  At  the  same  time,  N.M. Popova  found  that  the  composition  of 

tempered  and 

carbides,  deposited  by  an  electrolytic  solution  of  carbon  steels, 
annealed  at  temperatures  ranging  from  200  -  400°C,  is  constant  and  corresponds  to 
the  formula  for  cementite  (3ibl.86).  In  any  case,  the  apparent  increase  in  content 
of  carbide  phase  follows  logically  from  the  fact  of  abrupt  differing  corrodibility 
of  carbides  ar.d  of  ferrite  base,  ard  the  surface  of  cut  being  obtained  owing  to  this 
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relief. 


In  the  case  of  a  granular  form  of  carbides,  the  ideal  plane  a  -  a  (Fig. 25, A) 

intersects  a  number  of  grains,  wherein  the  MMMXMX&X  occurrence  of  a  body  of 

intersected  grains  on  one  or  XKM  the  other  side  of  the  surface  is  equally  probable. 

the 

At  polishing  and  pickling, &E  carbides  hardly  change  at  all,  whereas  the  ferrite  base 
is  easily  pickled  and  its  average  level  is  determined  by  the  plane  b  -  b  (Fig, 25, 3). 


Fig. 25  -  Effect  of  Microrelief  of  Cut  upon  the  Visible  KMMit  of 
Carbide  Phase  at  C-ranular  Form  of  Carbides 

Owing  to  this,  there  will  occur: 

a)  An  increase  in  the  visible  dimension  of  the  part  of  grains,  intersected 
by  the  original  plane  a  -  a,  the  body  of  which  is  located  within  the  volume  of 
the  cut  (grains  1  and  5  in  Fig. 25); 

v 

b)  The  appearance  of  new  grains  in  the  field  of  i^saon,  occurring  earlier 

below  the  level  of  cut,  i.e.  below  the  plane  a  -  a  (grain  4); 

view  of  grains  whose  body 

c)  The  disappearance  from  the  field  of 

111* 

wkiafr'  eerarred’  outside  of  the  volume  of  cut,  while  the  height  of  the  marked-off 
plane  a  -  a  of  the  segment  is  less  than  the  depth  of  relief  (grains  2  and  6). 

d)  Preservation  almost  without  change  of  the  original  visible  size  of  grains, 
the  body  of  which  oawirs  outside  of  the  volume  of  cut,  but  the  height  of  the  marked- 
off  plane  a  -  a  of  segment  is  greater  than  the  depth  of  relief  (grains  3  and  7). 

As  the  result  of  such  a  complex  change  in  the  Mi  pattern  of  the  surface  of 
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the  cut,  there  al30  occurs  an  apparent  increase  in  the  content  of  carbide  phase. 

To  this  one  should  add  that  the  grains  of  carbides,  especially  their  sharp  edges, 

also  are  partly  dissolved  during  pickling,  and  the  level  of  the  ferrite  base  is 

evidently  irregular,  increasing  in  places  of  contact  with  the  grains  of  carbides. 

.  If  the  carbides  are  lamellar  in  form,  the  pattern  obtained  during  pickling,  schematically 

shown  in  Fig. 26,  explains  the  cause  of  the  apparent  increase  in  content  of  carbide 

phase  in  this  case.  The  correct  relationship  of  the  carbide  and  ferrite  phases 

can  be  obtained  by  measuring  the  thicknesses  of  ferrite  and  cementite  plates  in 

right  angle 

those  grains  of  perlite  in  which  these  plates  form  a  MMXgKKXIIKS  with  the  plane 
of  the  cut. 

The  quantitative  electron-microscopic  analysis  of  dispersed  carbide  phases 
is  of  great  interest.  Specifically,  in  the  presence  of  an  accurate  method  of 
determining  the  phase  composition  of  the  structure,  it  is  possible  to  solve  in  a 
well-defined  manner  the  problem  of  the  constancy  of  composition  of  cementite  and 
the  existence  of  intermediate  carbide  phases,  at  the  present  time  constituting  a 
debatable  problem.  Recently  A. I. Cardin  stated  the  concept  that  if  we  had  at  our 
disposal  a  pickling  agent,  possessing  the  capability  of  selective  dissolving  of 
cementite,  the  possibility  would  appear  for  revealing  the  inner  fflfflM  structure 
of  a  cementite  crystal  (3ibl.87). 


Fig, 26  -  Effect  of  Kicrorelief  of  Cut  upon  Visible  Amount  of  Carbide 
Phase  at  Lamellar  Form  of  Carbides 
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In  working  with  optical  microscopes,  if  we  use  cuts  with  a  minimum  microreiief, 
in  this  case  it  is  then  easy  to  get  quite  satisfactory  results  of  determining  the 
phase  composition.  S.Z.Bokshteyn  (Bibl.88)  investigated  in  carbon  and  alloyed  steels 
the  average  diameter  of  sections  of  carbide  particles  visible  cut,  which  usually  fell 

K 

within  the  limits  from  0.3  to  0.7  microns.  The  diameter  of  grains  was  measured  in 

enlargement 

photomicrographs,  taken  at  magnification  of  2000  with  a  subsequent  to 

10,000.  In  samples  of  hardened  steel,  containing  by  chemical  analysis  0.10#  C, 
annealed  at  630°  with  varying  soaking  (from  10  min  up  to  25  hrs),  the  carbon  content 
figured  on  the  basis  of  microanalysis  data  constituted: 


Mean  Diameter  of  Carbon  Content,  % 

Grains,  microns 


0,34 

0,37 

0,42 

0,36 

0,44 

0,40 

0,50 

0,38 

0,56 

0,39 

Taking  into  KM  account  the  high  dispersed  state  of  the  structure,  the 

accuracy  obtained  can  be  considered  quite  satisfactory.  Hence,  the  determination 
composition 

of  the  phase  MMIXMK  of  less  dispersed  structures  should  have  an  even  greater 
accuracy. 

In  structures  pickled  with  picric  or  nitric  acids,  the  shiny  "small  islands"  of 
carbides  as  a  rule  are  surrounded  by  dark  rings  of  greater  or  lesshwidth.  Based  on 
the  observations  of  S.Z.Bokshteyn,  the  best  coincidence  of  the  data  of  chemical  and 
of  microscopic  analyses  are  obtained  if  the  size  of  carbides  is  determined  on  the 
basis  of  the  average  result  among  the  measurements  based  on  the  outer  and  inner 
contours.  The  pickling  with  sodium  picrate  removes  the  need  for  measurements  on 
the  basis  of  two  contours  and  promotes  the  obtainment  of  more  accurate  data. 

Somewhat  different  phenomena,  accordingly  leading  to  other  results,  occur  during 
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the  determination  of  content  of  nometallic  Mjiiffl  inclusions  in  steel.  In  this 
case,  the  specific  features  of  microanalysis  are:  the  use  of  mostly  lengthwise 
cuts  and  an  examination  of  the  inclusions  in  the  unpickled  cut. 

As  is  known,  the  results  of  estimations  of  lamellar  (platelike)  inclusions 
(sulfide,  silicate)  based  on  standard  scales,  at  the  use  of  lengthwise  cuts,  greatly 
depend  upon  the  degree  of  pressure  during  rolling.  Table  8  shews  the  change  in 
average  index  point  based  on  the  IK  scale  and  the  width  of  sulfide  1$  impurities  as 
a  function  of  the  diameter  of  section,  being  obtained  from  the  initial  ingot  with 
a  section  of  325  x  325  mm  (3ibl.89). 

Table  8 


0) 

t>) 

c) 

87 

3,28 

4 

51 

3,42 

3 

28 

2,21 

1 

15 

1,05 

1 

9 

0,82 

<1 

6,5 

0,71 

<1 

a)  Diameter  of  section,  mm;  b)  Average  index  point  according  to  IK  scale; 
c)  Average  width  of  impurities,  microns 

As  we  see,  there  occurs  a  simultaneous  decrease  both  of  the  total  length  of 
inclusions  (expressed  as  an  IMXXK  index  point),  as  well  of  their  width.  Hence, 
with  an  increase  in  pressure  during  rolling,  the  area  of  inclusions  visible 
on  the  cut  constantly  decreases,  which  understandably  does  not  point  to  actual 
decrease  in  content  of  inclusions  in  the  steel  but  to  technical  shortcomings 
of  the  method  of  microanalysis  being  used.  This  is  confirmed  by  the  fact  that^in 
the  use  of  transverse  cuts,  the  deviations  in  estimation  of  area  practically  are 
independent  of  the  degree  of  pressure,  and  KMSihlaLtld  the  variations  ir  estimations 
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do  not  go  beyond  the  limits  of  usual  random  errors.  In  Table  9,  we  present  data 
on  the  weight  content  of  impurities  (computed  according  to  microanalysis  data)  in 
sheets  of  5  mm  thickness  in  comparison  with  their  content  in  rods  of  various  cm-u 
section,  from  which  these  sheets  were  obtained  (3ibl.83). 

Table  9 


a) 

fa) 

c) 

d) 

30x30- 

0,0186 

0,0163 

35X35 

0,0397 

0.0379 

36X36 

0,0663 

0,0654 

45X45 

0,0443 

0,0489 

70X70  : 

0,0945 

0,0875 

diam  45 

0.0641 

0,0761 

»  45 

0,0773 

0,0750 

»  50 

0,1104 

0,1107 

»  65 

0,0584 

0,0536 

»  65 

0,0599 

0,0581 

a)  Size  of  rods,  mm;  b)  Content  of  impurities,  %  (by  weight)  (based  on 
microanalysis);  c)  In  rods;  d)  In  sheets 

M.I.Vinograd,  having  investigated  the  effect  of  deformation  upon  different  types 
of  estimation  of  nonmetallic  inclusions,  arrived  at  the  following  conclusions: 

a)  The  index  point  of  estimation  of  lamellar  Xfi  inclusions  in  lengthwise  cuts 
based  on  standard  scales  decreases  with  an  increase  in  the  degree  of  deformation; 

b)  The  content  of  oxides  in  volume  percentages,  being  determined  in  a  transverse 
does 

cut,  dfi  not  depend  upon  the  degree  of  deformation;  the  content  of  sulfides  decreases 
somewhat  at  greater  degrees  of  deformation,  since  therein  a  part  of  the  sulfide 
impurities  go  beyond  the  limits  of  visibility  (9ibl.81). 

An  estimation  based  on  standard  scales  is  connected  with  the  XXXX  mandatory  use 
of  standard  magnification,  usually  taken  to  equal  100,  Therefore,  with  an  increase 


in  the  degree  of  pressure,  a  fixed  part  of  the  lamellar  inclusions  become  invisible. 


At  individual  measurement  of  inclusions  in  a  transverse  cut,  the  observer  is  not 


connected  with  magnification  and  tnerefore  the  systematic  error  is  many  times 
less  than  in  comparison  with  standard  scales. 

Moreover,  in  the  preparation  of  the  cut,  a  part  of  the  inclusions  "are  smeared" 

studied 

by  the  metal.  Since  the  cut  is  without  pickling,  this  part  of  inclusions 

is  not  considered  during  microanalysis.  The  phenomenon  of  "smearing"  is  promoted 
by  a  decrease  in  diameter  o'f^in elusions  and  such  an  arrangement  of  the  surface 
of  the  cut  at  which  it  does  not  intersect  the  extended  inclusions  crosswise,  as 
this  is  shown  in  Fig. 27, a,  but  passes  almost  as  a  tangent  plane  with  reference  to 
the  round  surface  of  the  M  inclusion  (Fig. 27, b).  The  fact  of  "smearing"  of 


Fig. 2?  -  Diagram  of  "Smearing"  and  Crumbling  of  Nonmetallic  H  Inclusions 
at  Lengthwise  Arrangement  of  Plane  of  Cut 

(a  -  Transverse  cut;  b  and  c  -  Lengthwise  cuts) 


inclusions  is  confirmed  by  the  experimental  data  of  2XXX  B.3.Gulyayev,  who 

inclusions  <¥*  with  this, 

counted  the  number  of  sulfide  a  slide  and;  paralleljSSa 

on 

sulfuric  impressions  taken  from  this  same  cut  (microsection).  Results  of  calculations 


according  to  section  of  steel  casting  with  a  diameter  of  100  mm,  cast  in  a  sand  IHj[ 


mold,  are  shown  in  Fig. 28  (3ibl.?l). 


While  a  sulfuric  impression,  gives  a  correct  picture  of  XMI  the  increase 

the  degree  of  dispersioa^usions  thg/  the 

in  xM©pat>S0CjcstEteoc>f  ir  proportion  to^increase  in^rate  of  hardering, 
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inclusions, 

microanalysis  reveals  a  lesser  fraction  of  the  more  they  are  dispersed. 

larger  S3  deposits, 

The  fact  of  "smearing”  and  of  considerably  SMXXMKXMXIXhTXXiMKjf  for  instance, 

wM 

deposits  of  graphite  in  gray  iron,  is  known  in  metallographic  practice, 

A 

There  can  also  occur  a  crushing  of  the  inclusions,  the  body  of  which  is 


located  beyond  the  volume  of  the  cut  and  a  very  small  part  of  it  is  cut  off  by  the 


surface  (Fig. 27, c). 


In  the  transverse  cut,  we  observe  and  are  able  to  measure  the  actual  diameter 
inclusions, 

of  ffiSpfflSBSBS!,  whereas  in  the  lengthwise  cut,  the  visible  width  of  ££  inclusions 

\3gXt  in  elusion, 

depends  upon  the  distance  between  the  plane  of  the  cut  and  the  axis  and 

,  inclusion, 

therefore  is  always  less  than  the  diameter  of  the  coinciding  with  it  only 

in  isolated  cases,  when  the  axis  of  inclusion  matches  the  plane  of  the  cut.  On  the 

average,  the  visible  width  of  XX  inclusions  comprises  around  three-fourths  of  their 


actual  diameter. 


Finally,  in  the  lengthwise  XXX  cut,  we  have  the  chance  to  see  and  to  measure 
plastic 

considerably  less  HMIOSSC  inclusions  than  in  a  transverse  cut.  If  we  represent  the 


inclusions  in  the  form  of  threads  (fibers)  with  a  diameter  D  and  ^Length  L,  and  their 

amount  is  denoted  by 

per  unit  5T  volume  of  steel  N,  then,  as  we  shall  show 


below,  the  quantity  of  inclusions  visible  per  unit  area  of  lengthwise  cut,  will 

determined 

be  proportional  to  the  diameter  of  inclusions  and  is  3MXMIM  by  the  equation 


n ,  =  DN, 


per  unit  area 

while  the  quantity  of  inclusions,  H  visible  inxaxiuiitoarf-XHXEH  of  cross  cut,  is 

inclusions 

proportional  to  the  length  of  and  equals: 

nA  =LN. 


ft 


9k 


mm 


Inclusions 

Fig.  28  -  Distribution  of  Sulfide  along  ^Section  of  &S 

Steel  Casting  100  mm  in  Diameter  Based  on  &X  Data  of  Computations 
in  a  Cut  (Circles)  and  in  a  Sulfuric  Imprint  (Dots).  [After 
3 .3  .Gulyayev  (Bibl . 71) ] . 

From  the  equations  presented,  it  follows  that  the  ratio  of  quantities  of 
inclusions 

per  unit  area  of  transverse  and  lengthwise  cuts  is  equal  to  the 
inclusions 

ratio  of  the  length  of  to  their  diameter.  Since  the  length 

of  plastic  inclusions  exceeds  their  diameter  by  dozens  and  hundreds  of  times,  the 
inclusions 

X&PK2XIM  in  the  cross  section  are  greater  by  lust  as  many  times  as  in  comparison 
with  the  lengthwise  cut. 

In  microanalysis  of  lengthwise  cuts,  there  is  lost  a  considerably  greater  part 
inclusions 

of  MpXIXIsGS  than  in  cross  cuts,  which  decreases  the  accuracy  of  determinations. 

Moreover,  in  the  use  of  lengthwise  cuts,  it  is  necessary  to  compute  additionally 

the  average  wight  index  of  Sit  estimation  based  on  eq.(ll.3). 

The  distribution  of  inclusions  in  steel  by  sizes  is  subjected  to  the  asymmetric 

curve  of  distribution  with  a  maximum.  The  impurities  which  are  smallest  in  size  are 

also  present  in  steel  ir  the  least  quantity.  Therefore  the  loss  even  of  a  considerable 
inclusions 

part  of  fine  does  rot  lower  significantly  the  total  area  of  inclusions, 
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being  determined  on  the  basis  of  a  cut  of  XX  cast  steel  or  rolled  steel  (if  the 
cut  is  located  perpendicular^  to  the  axis  of  rolling).  A  comparison  of 
microanalysis  data  ard  of  chemical  data  shows  a  good  convergence.  In  Fig. 29, 


0,02  0.04  QOS 

b) 


Fig. 29  -  Dependence  between  Results  of  Determining  the  Content  of 
Nonmetallic  Inclusions  by  Microscopic  and  Chemical  Methods  of 
Analysis.  After  data  of  M.S. Aronovich  and  I .M.Lvubarskiv  (Bibl.BO) 
a)  Microscopic  method;  b)  Weight,  %  of  inclusions 


we  show  the  dependence  between  results  of  chemical  and  microscopic  analysis^ 
obtained  for  rail  steel  by  M.S. Aronovich  and  I .M.Lyubarskiy  (Bibl.PO).  A  similar 


verification,  conducted  by  P.Ya. Kravtsov  also  showed  tfe  conformity  of  the  data  of 


both  types  of  analysis  (Bibl.90). 


Summing  up  the  data  and  concepts  presented  in  the  present  paragraph,  we  can 

state  that  fully  satisfactory  results  of  determining  the  phase  composition  can  also 
under  the 

be  obtained  IXXMMXXM  most  unfavorable  cases,  caused  by  a  higlmiispersed  state  and 


low  content  of  the  phase  being  analyzed.  Decisive  significance  is  possessed  by  the 


ior.  A 


proper  choice  of  plane  of  cut,  a  careful  preparation  or  cut  and  minimum  relief  of 


its  surface,  the  use  of  sufficiently  large  magnifications,  as  well  as  the  use  of 


optical  microscopes 
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Section  13.  Planimetric  Method  of  Determining  the  Phase  and  Structural  Volumetric 
Composition  of  Alloy 


The  planimetric  method  of  analysis  of  rocks  was  proposed  and  first  applied 
by  M.Deless  in  1847. 

The  outlines  of  grains  of  individual  minerals,  composing  the  rock,  visible  on 
the  polished  surface  of  a  sample,  were  transferred  by  Deless  to  transparent  paper, 
coloring  the  grains  of  each  of  the  minerals  with  a  designated  color.  Then  he  glued 
the  transparent  paper  to  a  metal  sheet,  for  greater  accuracy  of  weighing,  cut  the 
grains  with  shears,  sorted  according  to  conventional  colors  (by  minerals),  and  then 
detached  and  weighed  the  foil  separately  for  each  of  the  minerals.  The  weight  values 
obtained  for  each  of  the  HMpMMXXKXXM  minerals  composing  the  rock  were  proportional 
to  the  area  of  the  corresponding  minerals  in  the  microsection  and  hence  to  the  volume 
being  occupied  in  the  rock. 

At  present,  in  an  SI  analysis  of  the  microstructure  of  alloys  and  rocks,  the 
following  basic  methods  are  used  for  measuring  the  areas  of  components: 

a)  JEk&'Ps termination  of  area,  occupied  by  a  given  phase,  at  visual  observation 
with  the  aid  of  a  square-reticulated  eyepiece,  namely  the  cellular  method; 

b)  Individual  measuring  off  of  the  sections  of  microparticles  at  visual  observation 


with  Sal  aid  of  an  eyepiece-micrometer  with  ^subsequent  calculation  or  other  type 


of  estimation  of  the  area  of  each  section  and  with  their  summation; 


c)  Measurement  of  area  of  sections  of  microparticles  by  various  methods, 

fad**' 

being  conducted  in  photomicrography  or  in  a  drawing,  conducted  with  the  aid  of  the 


Abbe  drawing  equipment; 


d)  Determination  of  relative  area  of  given  phase  at  visual  observation  by  way 


of  comparing  the  visible  structure  with  a  standard  scale. 
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It  is  feasible  to  use  the  planimetric  method  at  low  cortent  of/given  phase 

in  the  structure  (not  more  than  5  -  10$),  since  in  these  cases  it  is  more  effective 

the  following 

than  the  linear  or  point  methods.  We  will  explain  this  in  KXMSfKSi^MKK  example. 


In  the  point  method,  the  relative  area  of^given  phase  is  determined  by  the  fraction 


nodal 


of  KM MIS  points  of  ^square-grid  eyepiece,  occurring  in  a  grain  of  the  phase  being 


analyzed.  If,  for  instance,  the  content  of  nonmetallic  inclusions  in  steel  equals 

0.01$  by  volume,  then  the  probability  of  occurrence  in  them  of  a  separate  point 

equals  0.0001,  and  of  one  of  the  44 1  nodal  points  ol^square-grid  eyepiece  (containing 

Otherwise 

400  cells),  correspondingly  0.0441.  IZZXipip  expressed,  on  the  average  the 

occurrence  of  one  single  nodal  point  of  the  eyepiece  in  an  inclusion  (impurity)  will 

take  place  only  once  during  the  inspection  of  23  fields  of  vision,  and  for  the 

obtalnment  of  more  or  less  reliable  data,  the  number  of  fields  3hould  be  many  times 

greater.  Moreover,  using  the  planimetric  method,  we  can  estimate  the  area  of  all 

view, 

inclusions,  visible  in  a  field  of  VtSiCh,  and  obtain  reliable  data  in  a  small  number 


of  fields  of  vcsEOSK  view. 


The  measurement  of  area  of  a  given  phase  in  MM&piM  photomicrographs  or 


drawings  can  be  conducted  more  accurately  than  in  visual  observation  directly  under 

photomicrographs 

a  microscope}  however, the  preparation  of  ir&ffiaopbetae  or  drawings  limits  the  number 


of  fields  of  view  in  which  the  measurements  are  conducted. 


Therefore  a  more  accurate  estimation  of  single  fields  of  view  can  be  obtained 


by  measurements  in  photomicrographs  and  drawings,  and  the  more  accurate  estimation 


of  the  sample  as  a  whole  can  be  obtained  at  direct  measurements  under  a  microscope. 

photomicrographs 

The  method  of  planimetry  in  s±EXHphE±EB  and  drawings,  intended  for  standard  scales 


is 


of  quantitative  estimation,  mandatory, independently  of  the  content  of  the  given 
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phase.  Moreover,  it  is  often  used  in  an  XMX&  analysis  of  highly  dispersed 


structure,  containing  a  great  number  of  grains  on  the  microsection  even  at  use 


of  large  magnifications,  which  complicates  the  measurement  during  visual 


observation. 


In  addition  to  the  planimetric  method,  there  is  also  the  cellular  method  of 


determining  the  phase  composition,  ffowever^this  method  has  a  number  of  major 


disadvantages,  which  greatly  restrict  its  use  in  metallurgy}  therefore  there  are 


no  bases  for  considering  it  here. 


In  metallographic  practice,  the  relatively  most  widespread  use  is  made  of 


methods  of  individual  measurement  of  linear  dimensions  of  sections  of  microparticles 
in  a  cut  with  the  aid  of  an  eyepiece-micrometer  (see  Fig. 13)  with  ^subsequent 
estimation  of  the  part  of  the  area  of  the  cut  occupied  by  microparticles  of  the 
given  phase.  This  method  found  application  mainly  for  estimating  the  content  of 
nonmetallic  inclusions  in  steel  and  graphite  in  iron.  Usually  transverse  cuts  are 


used  in  determining  the  content  of  nonmetallic  inclusions  in  rolled  steel. 


The  sections  of  microparticles  are  measured  in  two  mutually  perpendicular 
ot  eq 


directions,  if  they  are  not  equ 


Therein,  the  sections  visible  in  the  field 


of  view  usually  do  not  match  the  ruler  of  the  eyepiece-micrometer,  but  their  length 


and  width  are  estimated  in  divisions  of  the  scale  by  eye.  Then  one  determines  the 


area  of  each  section  taking  into  account  its  shape,  the  total  area  of  all  sections 


in  each  field  of  view  and  in  all  fields  of  view  and^ finally,  the  relative  area 


occupied  by  the  given  phase  in  the  cut  and  hence  in  the  volume  of  the  alloy. 


For  making  the  calculations  easier,  the  sections  of  microparticles  having 


approximately  equal  areas  are  grouped  ar.d  estimated  by  a  fixed  index  point  based 
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on  special  scales.  The  number  of  inclusions  of  each  group  are  then  MiEKI  multiplied 


by  the  appropriate  factor  ( 'Magnitude ") ,  taking  into  account  the  average  area  of 


sections  of  the  given  group,  the  products  are  added  together  and  yield  the  "index", 


proportional  to  the  fraction  of  area  being  occupied  by  the  given  phase  in  the  cut. 


For  estimating  the  nonmetaliic  inclusions  in  steel  and  the  graphite  in  forged  iron, 


there  was  proposed  a  large  number  of  various  scales  which  were  similar  in  UWWr 


construction.  As  an  example,  we  consider  the  method  developed  by  M.S. Aronovich, 


I.M.Lyubarskiy,  and  Ye.K.Yefanova,  also  known  as  the  method  of  the  Ukrainian 


Institute  of  Metals  (UIM)  (Bibl.80,  91). 


Using  the  UIM  method,  one  can  determine  the  content  of  nonmetaliic  inclusions 

(in  transverse  cuts). 

in  cast  metal,  in  sheet,  strip  and  bar  rolled  a^otdmppoayxxs-ctAonn:) .  In  a 


number  of  fields  of  view,  at  magnification  of  200  -  250,  there  is  measured  the 

the  inclusions, 

length  and  width  of  xixjpawtfcdss',  whereupon  their  area  is  estimated  in  square 


divisions  of  the  ruler  of  the  e3’-epiece-micrometer .  Therein  it  is  assumed  that  the 

cross  sections  of  the  inclusions  elongated 

in  the  cut  can  have  the  form  of  circles,  ellipses  and 

elongated  inclusions 

rectangles  (threadlike  inclusions).  The  area  of  is  determined 

the 

by  the  product  of  the  length  of  inclusion  times  its  width,  and  the  area  of 

inclusions 

elliptical  xmes  as  0.8  of  this  product.  Depending  upon  the  area  obtained,  all 


inclusions  of  the  given  field  of  view  are  classified  by  groups,  according  to  the 

standards  presented,  in  Table  10.  Then  the  number  of  inclusions  in  each  group  is 

("weighed") 

multiplied  by  the  corresponding  index  equaling  the  average  area  of  inclusions 

of  the  given  group  in  square  divisions  of  the  scale  of  the  eyepiece-micrometer. 

Totaling  the  obtained  products  by  all  groups,  one  obtains  the  complete  area  of 
Impurities  in  the  given  field  of  view.  The  ratio  of  the  obtained  total  to  the 


area  of  the  field  of  view,  measured  in  the  same  square  units  of  the  scale  o"  the 
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eyepiece,  provides  the  unknown  value  of  relative  area  (or  volume),  occupied 


l 


by  the  inclusions  in  the  given  field  of  vision. 


Table  10 


a) 

6) 

e) 

d) 

1 

8) 

1 

0,10-0,25 

0,3-0, 5 

0,18 

2 

0,25-0,50 

0,5-0, 8 

V* 

0,38 

3 

0,50-1,50 

0,8-1, 4 

l 

1 

4 

1,50—2.50 

1,4-1, 8 

2 

2 

5 

2,50-5,50 

1,8-2, 5 

4 

4 

6 

5,50-10,50 

2, 5-4, 5 

8 

8 

7 

10,50-21,50 

4, 5-5, 2 

16 

16 

8 

21,50-42,50 

5, 2-7, 4 

32 

32 

a)  Group;  b)  Limits  of  area  of  impurities  in  square  divisions  of  scale  of 
eyepiece;  c)  Limits  of  diameter  in  divisions  of  scale;  d)  Weight  (index); 
e)  Average  area  in  the  group 


Calculation  in  a  number  of  fields  of  view  demonstrated  that  the  accumulated 


average  value  quickly  becomes  stabilized,  as  this  is  apparent  from  the  curve 


on  the  basis  of  test  data  (Fig. 30).  Therefore  it  is  sufficient  to  measure  all  the 


inclusions  in  10  fields  of  view.  However,  this  conclusion  can  in  no  way  be 


considered  universal,  because  the  obtained  accuracy  is  determined  by  the  number 

being 

of  measured  impurities^  and  hence, IX  limited  by  the  standard  number  of  fields  of 
view,  we  set  the  accuracy  of  analysis  as  a  function  of  the  purity  of  the  steel. 


One  can  agree  in  no  way  with  the  method  proposed  by  the  authors  for  computing  the 


obtained  volumetric  content  of  inclusions  in  the^  weight/ cor  ter.UJSuch  a  calculation 


car  fflM  scarcely  be  justified  because  the  choice  of  specific  weight  of  inclusions 


is  arbitrary,  and  the  feasibility  of  such  a  type  of  calculation  is  lacking.  It  is 
quite  obvious  that  specifically  the  total  volume  of  inclusions  (and  also  their  form 
and  dispersed  state),  disrupting  the  continuity  of  the  metal,  exerts  an  effect  upon 


the  strength  of  the  steel,  which  depends  in  no  way  upon  the  specific  weight  of  the 
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Fig. 30  -  Index  of  Contamination  of  Steel  by  Kometallic  Inclusions 
in  Individual  Fields  of  View  (l)  and  Stabilizations  of  Accumulated 
Average  Value  (2).  After  data  of  K.S. Aronovich  and  I .M.Lyubarskiy 
(3ibl.80) 

a)  Index;  b)  Number  of  field  of  vision 

inclusions;  therefore  MKM.  their  weight  content  is  not  indicative. 

The  data  presented  indicate  that  the  method  described  yields  sufficiently 
reliable  results  and  good  agreement  with  the  data  of  chemical  analysis  (see 

o 

Fig. 29).  The  methods  of  estimating  the  content  of  nonmetallic  inclusions,  not 

h&Mirfg  essentially  important  differences  from  the  above-described  method,  were 

Ye . Ye , Malys he voy 

also  proposed  by  P.M.Dontsov  (3ibl,92),  F .1  .Kelikhov  (Sibl.lO), 

(3ibl.93),  S.G. Voinov,  and  V. A. Boyarshinov  (Sibl.94).  A  similar  method  for 

malleable 

estimating  the  graphite  of  ZMffiSi  iron  was  proposed  by  V.H.Shpevzman  and 
Ye.V.Yelenevskaya  (Bibl.95). 

The  scales  of  all  these  methods  of  evaluation  were  constructed  in  such  a 
way  that  the  diameters  of  inclusions  lilMM  increase  from  group  to  group  in  an 
arithmetic  or^in  most  cases^a  geometric  progression,  and  the  rate  of  growth  of 
average  area  of  inclusions  in  a  group  is  correspondingly  ever,  higher.  Such  a 
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construction  of  scales  is  unfeasible  and  decreases  the  accuracy  of  the  method, 
since  the  total  area  of  inclusions  is  determined  basically  by  the  inclusions  of 
large  sizefl  and  these  inclusions  are  specifically  estimated  as  the  most  approximate, 
in  a  rough  manner,  since  the  interval  of  change  in  area  of  inclusions  in  the  group 
increases  from  group  to  group.  Since  the  purpose  of  analysis  is  the  determination 
of  total  area  of  Si  inclusions  of  various  sizes,  the  scale  should  be  constructed, 
proceeding  from  a  uniform  increase  of  the  specific  area  of  inclusions  from  one 
group  to  the  other,  i.e.  based  on  arithmetic  progression  of  average  area  and  not 
of  diameter  of  impurities. 

A  somewhat  different  method  of  determining  the  total  area  of  inclusions  and 

the  above? 

graphite  in  gray  iron,  differing  from  KMM^listed  calculation  based  on 

scales,  was  described  by  S.M.Skorodziyevskiy  (Bibl.28,  96).  According  to  this 
method,  in  a  number  of  fields  of  view  three  statistically  average  values,  namely 
the  quantity  of  impurities  in  the  field  of  view,  the  length  and  width  of  inclusions 
(or  of  graphite  deposits)  are  determined  by  way  of  calculating  and  measuring  the 
sizes.  The  average  area  of  impurities  is  found  as  the  product  of  their  average 
length  times  average  width,  and  the  total  area  of  inclusions  in  the  field  of  view 
is  found  as  the  product  of  average  area  of  inclusions  times  their  average  quantity 
in  one  field  of  view.  It  is  desirable  that  all  three  values  be  measured  or  calculated 
in  the  same  fields  of  view.  The  obtainment  of  total  area  of  inclusions  (or  of 
graphite)  by  the  method  described  somewhat  complicates  the  determination,  since  it 
requires  a  separate  determination  of  three  average  values. 

The  determination  of  average  area  of  sections  of  microparticles  and,  specifically, 
of  nonmetallic  impurities  may  be  considerably  simplified  and  accelerated,  and 
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accuracy  increased  correspondingly,  in  the  MSB  use  of  specdal  eyepiece  inserts, 

similar  to  that  shown  in  Fig, 31.  In  estimating  the  inclusions  of  rounded  form  in 

cast  steel  or  in  the  cross  cut  of  rolled  steel,  they  are  compared  with  a  number  of 

dark  circles,  for  which  the  value  of  area,  changing  in  the  sequence  of  a  simple 

arithmetic  series  of  numbers,  is  indicated  on  the  insert,  wherein  for  a  unit  there 

is  adopted  the  area  of  the  smallest  circle.  The  entire  area  of  the  square,  measured 

in  the  same  units,  equals  4800.  XX  The  KH  determination  of  relative  area  of 

inclusions  is  conducted  as  follows. 

ilo- 

The  magnification  of  microscope  should  be  so  chosen  that  the  largest  inclusions 
found  on  the  cut  are  close  in  area  to  the  largest  circles  of  the  insert.  In 
calculating,  all  inclusions  falling  within  the  square  are  taken  into  account,  as 
well  as  those  from  the  inclusions  intersected  by  the  perimeter  of  the  square,  the 
greater  half  of  which  proved  to  fall  within  the  square.  All  these  impurities  are 


Fig. 31  -  Ocular  Insert  for  Estimating  the  Area  of  Inclusions  of 
Rounded  Form 

compared  with  the  circles,  and  the  area  of  each  inclusion  is  estimated.  These 
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numbers  are  totaled  for  all  Impurities  of  a  given  field  of  vision  or  by  way  of 

oral  counting,  or  even  with  the  aid  of  two  hand  counters  (see  Fig. 16),  of  which 

one  counts  the  units,  and  the  second  counts  the  groups  of  ten.  The  inclusions 

smaller  than  circle  (1)  of  the  smallest  size  on  the  insert,  are  mentally  combined 

into 

into  groups.  The  square  of  the  insert  is  divided  BQE  four  equal  sectors  for 

facilitating  the  calculation  in  the  presence  of  a  large  number  of  inclusions. 

inclusions 

The  total  of  the  figures  for  all  of  the  given  field  of  view,  divided 

by  LB,  directly  express^he  percent  of  area,  occupied  by  inclusions  on  the  cut,  or 

in  the  volume  of  steel.  The  calculation  is  repeated  in  several  fields  of  view  and 

the  entire 

there  is  derived  an  average  estimation  for  SMK/cut.  Since  the  area  of  the  cut, 

inclusions 

on  which  the  calculation,  of  area  of  MpiiffilIM  is  conducted,  and  also  the  area  of 
the  actual  inclusions,  are  measured  by  one  and  the  same  units,  the  result  obtained 
is  independent  of  the  MR  magnification  being  used  and  does  not  require  any  further 
conversions. 

In  the  use  of  special  ocular  insert,  the  need  is  done  away  with  of  recording 
the  number  of  inclusions  by  groups,  as  well  as  the  subsequent  multiplication  of 
these  numbers  by  index  and  adding,  which  greatly  facilitates  the  process  of  analysis, 
the  duration  of  which  is  much  less  than  for  example  in.  computation  based  on  the 


method  of  M .S .Aronovich  and  I.K.Lyubarskiy. 

The  method  described  is^most  simple,  rapid  and  accurate  all  XX  of  the 

methods  of  estimating  the  content  of  nonmetallic  inclusions  in  steel. 

The  method  of  measuring  the  3rea  of  sections  of  microparticles  in  ^icrgl^hot^raphs 

and  drawings  has  limited  use.  The  area  of  its  use  is  mainly  as^stimatior  of  structures 

of  standard  scales^ for  obtaining  their  precise  characteristics. 

three 

The  accuracy  of  all  oIXSM  variations,  examined  in  the  present  paragraph,  of  the 
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planimetric  method  of  estimating  the  phase  and  structural  composition  of  an 


v 


alloy  is  determined  MX  by  the  quantity  of  individual  grains  which  were  measured 
by  one  or  another  method  in  the  process  of  analysis.  From  the  rich  experience  of 
petrographic  structural  analj-sis,  it  follows  that  error /4x>t  exceeding  1%  of 
the  value  MX  being  determined /^is  assured  at  a  number  of  measured  grains  equaling 
1000  (3ibl.50).  Since  the  error  is  inversely  proportional  to  the  square  root  of 
the  number  of  measurements,  one  can  determine  the  value  of  possible  error  as  a 


function  of  the  number  of  grains  being  measured  during  analysis,  by  the  following 


numbers. 


Number  of 
Grains 
Measured 

Error, % 

Humber  of 
Grains 
Measured 

Error, % 

50 

4,47 

600 

1,29 

100 

3,16 

700 

1,29 

200 

2,24 

800 

1,12 

300 

1,83 

900 

1,05 

400 

1,58 

1000 

1,00 

500 

1,4! 

2000 

0,71 

The  figures  adduced  may  be  used  for  determining  the  error  of  identification 
of  content  of  phases  or  components  of  KKXMXM  structure  by  the  methods  of  individual 
measuring  of  sections  of  various  phases  in  a  microscope  or  in  iXX  photomicrographs  and 
drawings  of  structure. 

A  fourth  type  of  planimetric  method  is  the  determination  of  relative  area  of 

-4L 

phase  or  structural  component  by  way  of  visual  comparison  of  structure  with  standard 
scales;  this  is  least  accurate,  since  it  introduces  the  element  of  subjectivity  into 
the  evaluation.  However  the  simplicity  of  this  type  of  estimation  and  the  possibility 
of  a  rapid  examination  and  evaluation  of  large  areas  in  a  short  time  make  this 
method  quite  effective,  if  a  great  accuracy  of  analysis  is  not  required. 

10  A 


Scales  for  estimation  of  pnase  or  structural  composition  are  numerous.  Among 


the  great  number  of  standard  scales  serving  for  characteristics  of  the  most  diverse 
elements  of  structure  of  steel  and  iron,  one  can  note  two  scales  of  such  a  type 
listed  in  GOST  3443  -  46.  These  scales  are  intended  for  determining  the  content  of 
p$f\Lite  and  graphite  in  gray  iron,  but  are  not  distinguished  either  by  accuracy  or 

A 

by  technical  improvement  of  reproduction  of  standard  structures. 


A  number  of  scales  intended  for  evaluation  based  on  structure  of  steel  of 

inclusions 

jveightjconter.t y6f  nonmetallic  laffiitiffiKTftX  of  various  type,  were  developed  by 

R. B.Malashenko  (8ibl.98).  In  supplement  to  the  index  point  estimation, 

S. G. Voinov  and  XI&X  V. A. Boyarshinov  introduced  values  of  areas  occupied  by  oxides 
and  sulfides  in  standard  photomicrographs  of  known  scales  of  nonmetallic  inclusions 
GOST  801  -  47  [based  on  data  of  the  metallographic  laboratory,  TsNIIChK  (Bibl.99)]. 
These  data  show  the  complete  lack  of  regular  dependence  between  the  value  of  the 
area  M.  occupied  by  the  inclusions  and  the  index  point. 

The  value  of  area  being  occupied  by  nonmetallic  j^^prt^s  is  set  at  the 
basis  of  the  new  scale  shown  in  Fig. 32,  developed  by  N.K. Lebedev,  KXXXH 
M.I.Vinograd,  and  S.A.Kiseleva  (3ibl«37)»  Here,  the  area  of  inclusions  increases 
in  geometric  progression  with  the  denominator  (2),  The  construction  of  this  drawn 
scale  may  be  considered  exemplary,  if  the  number  of  index  points  were  proportional 
to  the  area  of  impurities,  i.e.  also  were  determined  by  a  geometric  series  with  a 
denominator  (2).  In  the  opposite  case,  the  average  index  point  determined 

on  the  basis  of  a  number  of  fields  of  view,  will  not  correspond  to  the  average  area 
of  inclusions  in  these  fields. 


A  poor  polygraphic  reproduction  of  scales  sharply  decreases  the  accuracy  of 
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determination,  and  sometimes  makes  it  impossible. 


More  convenient  and  accurate  are  the  scales  placed  directly  in  the  eyepiece 
of  the  microscope,  which  permits  the  conduct  of  evaluation  without  moving  away 
from  the  eyepiece  and  makes  it  possible  to  make  a  better  comparison  of  the 
■  analyzed  structure  with  the  standard  structure.  Therefore  worthy  of  attention 
is  the  design  of  an  eyepiece  with  revolving  inserted  scales,  manufactured  by  the 

fyuLOtJf' 

Soejjf"  and  Lomb  Firm  (USA)  for  determining  the  value  of  a  grain  of  steel  according 
to  ASTI-I. 


A  very  significant  disadvantage  of  all  types  of  plar.imetric  determination  of 


phase  and  structural  composition  is  the 


impossibility  of  its 


mechanization  or  automation  by  way  of  using  various  counting  devices,  which  would 
facilitate  the  work  of  the  observer.  In  calculating  the  squareSj  or  in  IMIMX  individual 
measurement  of  sizes  of  sections  under  a  microscope,  it  is  easy  to  go  astray;  one  can 
count  the  same  ffiXXffltt  grains  twice  or  not  count  others  at  all ^ etc.  Therefore  the 
new  methods  of  analysis  (linear  and  point)  have  practically  crowded  out  the 


plar.imetric  method  in  the  petrographic  analysis  of  rocks. 


Nevertheless,  the  specifics  of  metallographic  analysis  fully  justify  the  use 
of  certain  types  of  the  planimetric  method  in  a  number  of  cases.  Here  first  of  all 
one  car.  include  cases  of  determining  the  phase  composition  by  the  method  of 


individual  measurement  of  sections  of  microparticles  at  very  low  content  of  phase 


being  determined  and  its  high  dispersed  state  (nonmetallic  inclusions  in  cast  steel 


and  in  the  cross  cuts  of  rolled  steel  of  eqtia-a-xaal  section,  carbide  phase  at 


granular  form  of  carbides,  graphite  at  rounded  form  of  deposits,  etc.).  The 
measurement  of  area  of  sections  of  microparticles  of  the  given  phase  in  photomicrographs 


of  sketched  structures,  intended  for  standard  scales,  serving  ’'or  estimating  the  area 


e)  Area  of  inclusions  6.00  x  10“-^ 


is 

or  volumetric  content  of  this  phase,  a M  most  feasibly  conducted  with  the  aid  of 

eu 

the  Amsler  planimeter,  independently  of  the  content  of^given  phase. 

Very  promising  is  the  use  of  specialized  inserted  ocular  scales,  especiallj’- 

the  removable  ones,  intended  for  individual  estimation  of  area  of  separate 

<J/ff 

sections  of  microparticles,  and  also  for^overall  evaluation  of  relative  area  of 
a  giver,  phase  in  the  field  of  view  as  a  whole  (of  nonmetallic  inclusions  and 

Or 

perlite  in  steel,  graphite,  ferrite  and  phosphide  eutectics  in  ironj^etc.). 

Section  14.  Linear  Method  of  Determining  Phase  and  Structural  Volumetric  Composition 
of  an  Alloy  and  Its  Application 

The  linear  method  first  proposed  in  X?  1898  by  A.Rozival  for  determining  the 
mineralogical  composition  of  rocks  i»-  a  microscope  is  based  on  the  Cavalieri-Aker 
principle,  according  to  which  the  measurements  of  &X  bodies  can  be  replaced  not 
only  by  measurement  of  areas  but  also  of  lengths  of  segments.  The  advantage  of 
the  linear  method  over  the  planimetric  one  consists  firstly  in  greater  simplicity 
and  accuracy  of  measurement  of  lengths  of  segments  as  compared  with  measurement 
of  areas  and  secondly  in  the  possibility  of  automating  the  process  of  totaling  the 
lengths  of  segments,  falling  in  each  of  the  phases  of  the  structure  being  analyzed. 

In  Fig. 33,  a  diagram  is  presented  illustrating  the  use  of  the  Cavalieri-Aker 
principle  in  the  linear  method  of  microanalysis  (3ibl.50).  In  an  area,  consisting 
of  200  squares,  10  squares  are  scattered  irregularly,  the  area  of  Miffi  each  of  which 
equals  Z&2KXM  4  squares  and  her.ce  the  part  of  area  of  the  drawing  taken  up  by  the 
squares  amounts  to  0.2  or  20%.  If  we  measure  the  lengths  of  segments  of  horizontal 
and  vertical  lines,  passing  through  the  area  of  squares  and  set  off  in  XM2  the 
drawing  by  thick  lines,  add  them  up,  and  divide  the  total  obtained  by  the  entire 
length  of  lires  intersecting  the  drawing,  the  value  obtained  will  be  all  the  closer 

to  0.2  the  more  lines  we  draw  or  hence,  the  itKMXM  none  Kfck  segments  we  measure. 
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Principle 

Fig. 33  -  Application  of  the  ESSCHKffi  Cavalier i- Aker  in  the 

Linear  Method  of  Microanalysis  (after  A.Rozival) 


drawn  arbitrarily,  and  not  necessarily  in  the  form  of  a  grid  of  parallel  and 
equidistant  lines.  It  is  only  important  that  the  lines  take  in  the  entire  area 
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being  analyzed  and  that  they  are  equally  distributed  over  the  area.  In  practice, 

there  are  accomplished  two  types  of  use  of  the  linear  method  in  analysis  ift  a 

microscope,  which  can  be  called  the  methods  of  stationary  and  mobile  microsection. 

In  working  by  the  first  method  (method  of  stationary  microsection),  we  use 

the  usual  eyepiece-micrometer  equipped  with  a  ruler,  divided  into  100  equal  parts 

(see  Fig.  13).  For  instance,  in  the  examination  of  the  MMMiffi  structure  of 

pre-eutectoid  annealed  steel,  of  the  100  divisions  of  the  diametral  line  on  the 

fall 

scale  of  the  eyepiece,  a  part  of  the  divisions  I£HK  to  ferrite,  and  the  remaining 

pearlite  inclusions), 

ones,  to^eSKKfe  (if  we  disregard  the  content  of  nonmetallic  as  this 

is  shovm  in  Fig. 3 A.  At  the  given  position  of  the  ruler,  8 2  divisions  fall  to 


Fig. 34  -  Determination  of  Structural  Composition  of  Steel  by  the 

pearlite 

Ruler  Method  at  Stationary  Cut.  For  the  jMfflfflEfe  component,  18 

divisions  of  the  ruler  out  of  100  were  taken  up 

pearlite.  pearlite 

ferrite,  and  18  to  pMMXJSC  Therefore  the  content  of  ferrite  and  on  the 


lines  of  the  scale  is  determined  by  the  figures  82%  and  18$ Respectively.  M2M 


Understandably,  in  an  adjacert  field  of  view,  or  even  in  the  same  one,  upon  turning 


or  a  slight  displacement  of  the  ruler,  the  number  of  divisions  falling  to  ferrite 
pearlite 

and  will  prove  to  be  different.  However,  the  statistically  average  value 


of  number  of  divisions  falling  to  the  given  structural  component,  in  conformity  with 


the  Cavalieri-Aker  principle,  will  equal  the  content  of  this  structure  in  the  area 


of  the  cut  and  in  the  volume  of  the  alloy.  To  obtain  a  reliable  average  value, 


115 


the  measurement  needs  to  be  repeated  in  a  number  of  fields  of  view,  equally 

distributed  about  the  area  of  the  cut  and  all  the  area  surrounding  it.  It  is 

feasible  to  compute  the  divisions,  falling  to  all  structural  components,  in 

addition  to  that  one  which  is  present  in  the  maximum  amount,  and  the  number  of 

divisions  falling  to  it  can  be  determined  by  the  difference, 
lengths 

The  I&XpK  of  segments  of  the  ruler  of  the  eyepiece,  falling  to  the  individual 


range 

MffiX  of  phases  being  analyzed  or  structural  components,  are  usually  estimated  as 


Wiiole  numbers  of  divisions  of  the  ruler.  Since  the  actual  length  of  these  segments, 

W 

generally  speaking,  does  not  equal^ whole  number  of  divisions,  the  error  of 


determination  will  be  all  the  greater,  the  shorter  the  segments,  i.e.  the  more 


dispersed  the  structure  and  the  less  the  magnification.  Therefore,  it  is 


desirable  Mil  to  use  tH»»c  magnifications  at  which  the  length  of  one  segment,  on 


the  average,  equals  at  least  5-10  divisions  of  the  eyepiece  scale,  The  segments, 


the  lengths  of  which  are  less  than  one  division,  are  mentally  combined  into  groups 


and  are  estimated  as  whole  numbers  of  divisions. 


_(L. 


The  larger  the  fields  of  v^eaah  that  are  chosen  for  calculation  at  given 


magnification,  the  more  accurate  will  be  the  result  of  analysis.  However,  at  the 
same  time  its  unwieldiness  also  increases^  therefore ( the  problem  of  the  minimum  number 
of  fields  of  vicrorfy  which  should  be  examined  in  order  to  assure  obtaining  a  giver, 
accuracy  of  analysis,  is  quite  considerable  and  will  be  considered  separately. 


In  distinction  from  that  examined  above,  the  analysis  in  case  of  a  movable 


cut /vis  conducted  at  continual  displacement  of  the  cut  in  one  direction^at 


simultaneous  observation  of  structure  in  the  eyepiece  with  cross-hair.  Therein, 
we  add  up  the  lengths  of  the  path  of  cut  during  passage  through  the  point  of  the 
eyepiece  cross  hair  for  each  of  the  structural  components  separately.  Figure  35 
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1 

1 

A 


Fig. 35  -  Determination  of  Structural  Composition  of  Iron 
by  Linear  Method  at  Movement  of  Cut 


explains  the  method  of  linear  analysis  in  case  of  movable  microsection.  A  straight 
line,  intersecting  the  structure  of  gray  iron,  is  the  path  of  the  point  of  cross  hair 


of  the  eyepiece  in  the  microsection  during  its  displacement.  Usually  the 


microsection  is  moved  from  one  edge  to  the  other,  then  in  opposite  direction  along 


a  line  parallel  to  the  first  and  standing  off  from  it  at  a  certain  distance,  etc. 
If  the  movement  of^cut  is  realized  by  a  micrometer  screw,  the  length  of^cath  is 


totaled  automatically.  Since  we  need  to  measure  the  lengths  of  paths  of  the 


microsection  during  passage  through  the  point  of  cross-hair  for  each  of  the 


structural  components  separately,  the  passage  through  a  sector  of  each  of  them 

separately 


should  be  conducted  by  different  micrometer  screws,  each  of  which  IIXMpMM  and 
independently  of 

the  others,  move  the  cut  in  the  same  direction,  and  also  register 
the  length  of  this  movement.  Thence  it  follows  that  the  number  of  micrometer 
screws,  moving  the  cut  independently  one  from  the  other  and  in  the  same  direction 
should  be  not  less  than  the  number  of  the  structural  components,  the  content  of 
which  is  subjected  to  determination. 


In  the  case  of  a  structure  shown  in  Fig. 35,  tliu  JiuYCIlAi'l'W  cut  is  accomplished 
by  the  first  micrometer  screw,  until  a  sector  of  ferrite  has  advanced  along  the 
line  1-2  through  the  point  of  eyepiece  cross-hair  in  the  direction  indicated 
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by  the  arrow.  When  the  point  of  cross-hair  reaches  the  boundary  XK  of  the 


pearlite 

ferrite  and  sector  at  point  2,  the  movement  of  the  cut  begins  to  be 

accomplished  by  the  second  micrometer  screw  along  the  line  2  -  The  advance 

through  the  sector  of  phosphoritic  eutectics  3  -  4  is  XMMjfcKX  accomplished  by 

pearlite 

a  third  micrometer  screw,  while  for  movement  through  the  fXXXHH  sector  4-5,  one 

again  returns  to  the  second  micrometer  SKiffi  screw,  etc.  After  the  cut  has  been 

examined  along  a  number  of  parallel  lines,  the  micrometer  screws  determine  the 

pearlite, 

total  lengths  of  path  of  cross-hair  point  of  eyepiece  through  the  ferrite, 

phosphoritic  eutectics,  graphite  and  nonmetallic  inclusions.  The  ratios 

of  each  of  these  values  to  their  total  determine  the  portions  occupied  by  each  of 

the  enumerated  components  of  the  structure  on  the  XX  lines  conducted,  areas  of 

cut  and  in  the  volume  of  the  alloy.  XMI  The  lines  of  displacement  of  the  cut 

can  be  run  in  different  directions  and  cannot  be  mutually  parallel.  These  lines 

can  also  be  curves,  for  instance  a  spiral.  The  sole  requirement  is  the  uniform 

encircling  by  the  IX  lines  of  the  entire  surface  of  the  cut. 

In  this  method,  no  kind  of  calculations  or  recordings  are  necessary, 
stages 

Since  the  microscope  sfeartfltt  and  the  two  coordinate  preparation  guides  have 

only  one  micrometer  screw  for  m ajsewwrtrf-  cut  in  a  given  direction,  for  using  this 

stages 

method  of  analysis,  special  equipped  with  several  micrometer  screws, 

moving  (independently  of  one  another)  the  microsection  in  the  same  direction^ are 

Stages 

then  necessary.  3S5S5£S$S&d)£^f  various  types  exist,  equipped  for  setting  up 

,-ao  ;  stages 

with  standard  benekes  of  polarization  microscopes.  Since  these  3§>S&t8s  automatically 

add  up  the  lengths  of  segments,  they  are  called  integrational. 
stages 

Any  of  the  intended  for  determining  XKX$  the  phase  or  structural 

composition  by  the  linear  method,  should  assure  the  accomplishment  of  two  operations: 
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a)  JPm-  sequential  movement  of  the  microsection  and 

b)  J£js&  Recording  of  XM  values  of  displacement  separately  for  each  phase 
or  component  of  the  structure. 

In  earlier  type  beriujj_aflanris,  the  conduct  of  both  operations  was  combined 
in  one  device,  and  in  more  improved  later  designs,  these  operations  are  carried 
out  separately  by  separate  devices. 

The  first  device  of  such  a  type,  a  diagram  of  which  is  shorn  in  Fig. 36, 
was  proposed  in  1916  by  S.Shend.  The  device  of  S.Shend  consists  of  a  stationary 


frame ID,  fastened  on  1J1  MJh  il  'Will  of  a  microscope,  and  of  two  movable  frames  (2) 
and  (3),  the  displacement  of  which  is  realized  by  the  independent  micrometer 
MX  screws  (k)  and  (5).  Kicrosection  (6)  is  mounted  in  the  internal  movable 


frame  (3).  Shend's  device  permits  one  to  analyze  an  alloy,  the  structure  of  which 


Fig. 36  -  Diagram  of  S.Shend’s  Device  (Bibl.50) 
i£MX  consists  of  two  components.  One  can  also  determine  the  content  of  one  of 
the  components  of  the  structure,  if  their  number  is  greater  than  2.  In  this 
case,  the  movement  through  the  point  of  the  cross-hair  by  the  component  being 
analyzed  is  accomplished  by  one  micrometer  screw,  and  the  movement  of  all  remaining 
components  of  alloy  structure  is  accomplished  by  a  second  screw. 

A  shortcoming  of  the  Shend  device  is  the  small  number  of  components  of 
structure  being  determined  simultaneously  and  the  possibility  of  moving  the  cut 
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only  in  one  direction;  after  having  finished  inspection  along  one  line,  it  is 
necessary  to  move  by  hand  the  cut,  in  order  to  carry  or.  inspection  along  a  second 
line.  The  second  of  these  disadvantages  was  removed  in  the  device  of  K.Sheumann, 
which  has  a  third  micrometer  screw,  located  at  right  angles  to  the  two  first 

screws. 

ng  stage 

Wentworth  ,  integrati«i*l  beagfaswaai  (1923)  permits  a  simultaneous 

stage, 

XMMXif  determination  of  five  structural  components.  In  this  Staftd,  five  micrometer 

SMK  screws  are  set  on  one  axis  and  movement  of  the  cut  is  accomplished  by  way  of 

turning  one  of  the  five  heads  (drums),  on  which  the  reading  is  conducted. XXXX 

Wentworth 

Displacements  in  transverse  direction  cannot  be  realized  on  the  fetatmwac  device. 

This  device  was  improved  by  Ye. K. Smirnov,  who  introduced  cross  movement  of  the 

stage  of  the  instrument 

microsection,  having  mounted  on  the a  common  twe--coordinate 

integrating  stage 

preparation  guide.  Of  such  a  type,  the  improved  of  the 

type  ISA,  intended  for  determining  the  content  of  six  structural  components,  is 

made  by  the  Test  Optical-Mechanical  Plant  of  the  Trust  "Russkiye  Samotsvety". 

stage 

As  is  evident  from  Fig. 37,  the  ISA  has  six  heads  (drums),  the  division  scale 

of  which  corresponds  to  movement  of  the  cut  by  0.01  mm.  Three  heads  can  move  the 
cut  by  25  mm  each,  while  the  three  remaining  ones  car  move  it  by  15  mm  each.  The 
maximum. total  movement  equals  90  mm.  The  two- coordinate  preparation  guides  mounted 
on  the  test  stand  (not  shown  in  Fig. 37)  permits  the  displacement  of  the  cut  in 
transverse  direction,  and  also  permits  one  to  determine  the  content  of  the  seventh 

structural  component,  if  this  is  necessary. 

integrating  stages  Scheumann-Leitz 

The  of  K (1929),  A. Dollar  (1937)  and 

also 

many  others/permit  one  to  conduct  simultaneous  determination  of  six  structural 
components.  In  the  above  cited  study  of  L.3eck  and  3. Smith,  the  determination  of 
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phase  composition  of  brass  was 


Integrating  Stage 

Fig.37  Type  ISA, 

for  Simultaneous  Determination  of  Content 
of  Six  Structural  Components  by  Linear 
Method 


determined  with  the  aid  of  a 
integrating  stage, A 

hydraulic 


permitting  one  to  determine  the 


content  of  three  components  (Bibl.77). 


The  listed  designs  of 


especially  for  determining  several 


phases,  are  unwieldy  and  IMMMffl 


inconvenient  in  operation.  Therefore, 


the  new  approach,  proposed  in 


1931  by  A. A. Glagolev,  to  a  design  of 


such  devices  is  very  valuable  and 


boils  down  to  a  division  IM&XXM 


of  the  device  into  two  or  three 


independent  mechanisms.  On  the 


stage 


of  the  microscope  are  mounted  only 


runners  tMfei&s)  for  movement  of  the 


microsection,  while  the  counting 


device  (recorder),  measuring  and 


totaling  the  segments,  is  mounted 


separately.  The  connection  between 
sled 

thexSfckkSteS:  and  the  recorder  can  either 


be  electric  or  mechanical.  A. A. Glagolev 


developed  a  number  of  designs  of  devices 
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Fig. 38  -  Diagram  of  A. A. Glagolev’s  Electric  K&MMXffiX 
1  -  Small  battery;  2  -  Current  breaker;  3  -  Switch;  L  -  Electromagnetic 
counters;  5  -  Microscope;  6  -  Cut  being  analyzed  (Bibl.50) 


of  such  a  type,  namely,  integrators,  with  both  types  of  connection,  being 


accomplished  by  a  flexible  electric  cord  (electric  integrator)  or  flexible 


shaft  (rotor-integrator)  (3ibl.50). 


Let  us  examine  the  diagram  of  the  electric  integrator  of  Glagolev,  shown 


in  Fig. 38.  Direct  current  with  an  intensity  of  6  -  8  volts  from  the  &MIX 


small  battery  I  enters  the  current  breaker  (2),  connected  with  the  s&hjbs  of 


the  microscope,  serving  for  moving  the  microsection.  The  breaker  is  arranged 


sleds 


in  such  a  way  that  at  movement  of  the  with  the  microsection  mounted  on  them. 


the  number  of  interruptions  of  current  is  jfi£M  proportional  to  the  length  of 
movement  of  the  fflCSffi  cut  in  the  field  of  view.  Then  current  enters  switch  (3), 


which  consists  of  a  number  of  buttons  or  keys.  Pressing  on  one  key  or  another,  the 
observer  directs  the  current  to  one  of  the  five  electromagnetic  counters  of  MM 


the 


current 


recorder  (L),  which  totals  the  number  of  interruptions  x?£octEP£efi>t ,  proportional  to 


displacement  of  the  cut.  Each  of  the  counters  of  the  recorder  has  been  designated 


in  advance  for  taking  into  account  a  definite  structural  component  of  the  alloy 


being  analyzed. 
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An  observer,  working  with  the  Glagolev  electric  integrator,  turns  with  his 


right  hand  the  head  of  the  micrometer  screw  of  the  microscope  tin s ,  moving  the 

cut  and  at  the  same  time  bringing  into  action  the  current  breaker  connected  with 

the  head.  At  the  same  time,  he  presses  with  one  of  the  fingers  of  his  left  hand 

intended 

that  switch  key  which  is  KKKKMM  for  KKHIXgl  taking  into  account  the  structural 

component  located  at  the  given  moment  in  the  point  of  the  eyepiece  cross -hairpin 

transition  from  the  sector  of  one  sector  of  the  structural  component  to  the  section 

of  another,  the  observer  releases  one  key  and  at  the  same  time  presses  on  another, 
observer 

The  apMK&if  can  carry  out  the  entire  operation  without  moving  his  eye  from  the 
microscope  eyepiece.  After  finishing  the  inspection  of  a  series  of  lines,  which 
uniformly  take  in  the  entire  surface  of  the  fflXMM  microsection,  the  figures  shown 
by  the  electromagnetic  counters  are  proportional  to  the  content  of  the  corresponding 
structural  components  in  the  alloy.  The  calculation  of  structural  composition  reduces 
to  a  determination  of  ratios  of  readings  of  each  counter  to  the  sum  of  readings  and 
to  a  multiplication  of  the  obtained  quotients  by  100  for  finding  the  composition  in 
volumetric  percentages. 

Using  the  ideas  of  Glagolev,  a  number  of  foreign  firms  manufactured  integrators, 

comprising  variants  of  the  Glagolev  electric  and  rotor  integrators.  Ouch  for 

it-JM  &  ) 

instance,  are  the  "sigma"  device  made  by  the  Fyu&s-Ftea,  the  KIM  C.Hurlbut  electric 
counter  (Bibl.100)  and  others. 

The  integrators  facilitate  and  accelerate  the  laborious  work  and  raise  the 
accuracy  of  determinations.  For  instance,  the  electric  integrator  and  rotor-integrator 
permit  a  determination  of  the  structural  composition  of  five  or  six  component  alloys 
in  30  min  with  an  error  not  exceeding  1%. 
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All  the  devices  described  above  are  adapted  for  polarization  microscopes, 


although  several  of  them  can  also  be  mounted  on  the  assw  of  a  metallographic 


microscope.  It  is  much  more  convenient  to  use  as  a  microscope  the  device  for 


determining  microhardness  of  type  FMT-3  with  a  low-  positional; anfl  or  even  to  use 


ition^^ta^  c 


conventional  polarization  microscopes,  equipped  with  opaque-illuminators 

and  a  monocular  insert  for  transferring  the  optical  axis  of  the  eyepiece  from 
vertical  to  horizontal  position,  which  facilitates  the  observation. 

Section  15,  Accuracy  of  Linear  Method 

Let  us  examine  the  determination  of  content  of  pearlite  in  steel,  conducted 

by  the  method  of  stationary  microsection  in  30  fields  of  view.  Taking  the  calculation 

of  lengths  of  segments  in  each  field  of  view  as  an  independent  analysis,  we  get 

30  results.  In  the  second  column  of  Table  11, these  30  results,  obtained  experimentally, 

are  presented.  At  an  actual  content  of  pearlite  in  steel,  equaling  19# 

(by  volume),  in  individual  fields  of  view,  the  number  of  divisions  of  the  ruler 

falling  to  pearlite  will  vary  from  12  to  31.  In  the  third  column  of  Table  1  is 

presented  the  increasing  total,  while  in  the  fourth  graph  are  shown  the  accumulated 

average  values  of  content  of  pearlite  for  the  same  30  fields  of  view.  In  Fig. 39, 

we  show  graphically  the  change  in  the  ECHOU  results  obtained  in  separate 

cumulative 

fields  of  view  (broken  curve  l),  and  of  the  x&sxmulaisd  average  (curve  2). 

As  is  obvious  from  the  data  in  XMI&XXXXM  Table  11  and  especially  in  the  curve 

of  Fig. 39,  the  results  of  determination  in  individual  fields  of  view  will  vary  within 

cumulative 

wide  limits,  whereas  the  curve  of  3JSXMHXX&M.  average  has  a  damping  appearance. 

Ir.  the  examination  of  more  than  17  -  18  fields  of  view  (in  the  giver,  case),  the 
cumulative  average  is  so  stabilized  that  the  actual  deviation  in  one  direction  or 


a- other  from,  the  actual  content  of  pearlite  (19#)  does  not  exceed  0.5#  of  it.  Sit X 
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Table  11 


I 

r 


A) 

F 

IP 

1 

IF 

F‘ 

n 

1 

23 

23 

23,0 

529 

2 

20 

43 

21,5 

400 

3 

19 

62 

20,7 

36! 

4 

12 

74 

18,5 

144 

5 

16 

90 

18,0 

256 

6 

27 

117 

19,5 

729 

7 

31 

148 

21,1 

961 

8 

18 

166 

20,8 

324 

9 

28 

194 

21,6 

784 

10 

16 

210 

21,0 

256 

11 

15 

225 

20,5 

225 

12 

17 

242 

20,2 

289 

13 

19 

261 

20,1 

361 

14 

16 

277 

19,8 

256 

15 

14 

29! 

19,4 

196 

16 

15 

306 

19,1 

225 

•17 

12 

318 

18,7 

144 

18 

18 

336 

18,7 

324 

19  ‘ 

21 

357 

18,8 

441 

20 

16 

373 

18,7 

256 

21 

17 

390 

18,6 

289 

22 

21 

411 

18,7 

441 

23 

26 

437 

19,0 

676 

24 

25 

462 

19,3 

625 

25 

15 

477 

19,1 

225 

26 

20 

497 

19,1 

400 

27 

14 

511 

18,9 

196 

28 

19 

530 

18,9 

361 

29 

15 

545 

18,8 

225 

30 

23 

568 

18,9 

529 

Total 

568 

— 

— 

11428 

M*an  j 

18,93 

— 

— 

380,  93 

a)  Mo.  of  field  of  view,  n;  ia.)  Ted  nip  o)  rircrage 

further  increase  in  the  number  of  fields  of  view,  the  limits  of  variations  of 

cumulative  average  become  narrower  and  narrower.  Hence,  continually  increasing  the 

number  of  fields  of  vision,  we  can  get  the  required  accuracy  of  analysis  in  working 

with  the  method  of  stationary  microsection.  Strictly  speaking,  the  accuracy  of 

/ 

linear  analysis  is  determined  not  by  the  number  of  fields  of  or  by  length  of 

intersecting  lines,  but  by  the  number  of  segments  obtained  and  measured  during  the 


process  of  analysis. 

In  examining  the  cut  under  M.  a  microscope,  the  number  of  intersected  segments 

V,tP0{ 


depends  upon  the  optical  magnification  and  upon  the 


'Ste  or  the  str>  ctural 
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Fig. 38  -  Results  of  Determination  of  Content  of  Pearlite  by  Linear 
Method  in  Individual  Fields  of  View  (l)  and  Stabilization  of  Cumulative 
Average  (2) 

a)  Content  of  pearlite,  %\  b)  Number  of  field  of  view 
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A 


stipulation  that  the  intersecting  lines  uniformly  cover  the  entire  surface  of  the 


cut. 


Curve  (2)in  Fig. 39  gives  only  a  qualitative  picture  of  increase  in  accuracy 


of  analysis  along  with  increase  in  HifflfKM  number  of  measured  segments.  In  order 

Miu 

to  obtain  concrete  values  of^  expected  error,  it  is  necessary  to  have  a  value  of  mean' 


qatfeafcb 


idimtie  deviation  of  results  of  repeated  analyses,  conducted  under  uniform 


conditions,  from  the  XXfflXXX  actual  content  of  given  MMSKiiM  structural  components 
in  the  alloy.  Let  us  grant  that  we  conducted  a  number  of  analyses  of  the  same  cut, 


preserving  the  constancy  of  conditions  of  analysis,  namely  measuring  in  each 


analysis  the  same  number  of  M.  segments,  using  a  uniform  magnification  etc. 


Conducting  n  independent  analyses,  we  get,  generally  speaking,  n  different  results, 


although  many  of  them  can  coincide  one  with  another.  Let  us  these  results, 


expressed  in  percentages  of  volume  of  alloy,  by  F]_,  F2,  F3,  ...  Fp.  Then  the 

CL,  structural 

mean  arithmetic  value  of  content  ofcgiven  MKMMMXSX  component  equals 


' p ^  1  +  -f  Fa  + 


■  +  Fn 


(15.1) 


The  mean'  deviation  of  results  of  analysis,  which  constitutes  the 


initial  value  for  computing  the  error  of  determinationj is  conveniently  computed 


on  the  basis  of  the  equation: 


f)  =  yp-(F)\ 


(15.2) 


quantity  — 


^  n  mean  square 

where  the  VSlKH  F^  constitutes  theyjBf^p  arithmetic  BfxthexaqKargz  of  results  of 


indivi.dual  analysis,  i.e. 


F2  = 


F]+n+n  + 


+  n 


(15.3) 


-square 

ihe  mean  deviation  computed  according  to  eq.(15.2)  deperds  upon  the 


number  of  independent  determinations  conducted  for  obtaining  the  mean  values  of  the 


12” 


f 

quantities  for 

ya&mx&s  F  and  F^.  In  order  to  get  a  corrected  value  F},  not  depending 

the  number  of 

uponxqitaatfcifeyxsdJ  determinations,  the  result  obtained  from  eq,(l5.2)  needs  to 

i  i 

be  multiplied  by  a  coefficient, 

f  /±1-  (1!-« 

Let  us  examine  now,  as  an  example,  the  data  of  30  independent  determinations 
adduced  in  Table  11.  From  these  data,  it  follows  that 

7=  18,93%  and  F*  =  380,93. 

the  mean-square 

Therefore,  computing  according  to  eq.(l5.2)  the  value  ofxmaaxopxajteadskc  deviation, 
we  get: 

a’  {F)  t=  ]/ 380,93  —  (18.93)2’ =  5,04%. 

In  order  to  obtain  the  corrected  value  of  is^5tm?^^®!S^edeviation,  we  multiply 
the  obtained  value  H|K  by  the  coefficient,  computed  on  the  basis  of  eq.(15.4),  in 
which  n  equals  30,  i.e,  according  to  the  number  of  independent  determinations: 

«,(>•)  =  5,04  ^-£-  =  5,13%, 

The  last  value  (5.13$)  is  final  and  sufficient  for  computing  the  possible  error  of 
analysis,  conducted  under  the  given  actual  conditions  (structure,  length  of 

intersecting  lines). 

According  to  the  theory  of  probability,  no  more  than  half  the  results  of 

IMp  independent  analysis  can  M  deviated  from  the  true  value  by  a  value  greater  than 
-square 

0.6745  of  the  mean  qosdoefcic  deviation,  in  one  direction  or  another.  In  our  case, 
the  lower  limit  will  equal  IF. 93  -  (0.6745  x  5.13)  =  15.47$,  while  the  upper  limit 
will  be  18.93  +  (0.6'7L5  *  5.13)  =  22.39$  of  pearlite.  In  actualit--,  from  the  data 
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of  the  second  column  in  Table  2,  it  follows  that  out  of  30  analyses,  within  the 

computed  limits  there  fall  the  results  of  15  analyses,  and  the  remaining  15  go 

beyond  these  limits. 

It  is  practically  impossible 

XKffiMkftTKKXTfHXftXTffiffiX  to  get  results  of  analysis  with  the  tripled  mean- 
qaaUpattn  deviation.  In  our  case,  this  corresponds  to  the  limits  from 
18.93  -  (3  x  5.13)  =  3.542  up  to  12  18.93  +  (3  x  5.13)  =  34.322  of  pearlite.  In 

the  second  column  of  Table  12,  there  actually  are  no  results  going  beyond  the 
limits  found. 

In  the  first  case,  the  reliability  of  results  of  analysis  is  characterized 
by  a  probability  of  0.5  or  502;  this  means  that  of  the  large  number  of  independent 
analyses,  not  less  than  502  of  their  results  fall  within  the  computational  limits. 
In  the  first  case,  reliability  equals  1  or  1002  (more  precisely,  0,9973  or  99.732)," 


hence,  the  results  of  all  analyses  practically  fall  within  the  computational  limits. 

** . -  ■sjtltdb 


The  theory  of  probability 


the  value  of  deviation  of 


analysis/ 


from  the  true  value  of  the  unknown  (i.e.  absolute  error  of  analysis),  the  reliability 
of  obtaining  the  error,  not  exceeding  the  caused  error,  and  the  value  of  mean— 


deviation: 


A  =  ta{F), 


(15.5) 


where  A  is  the  absolute  error  of  analysis  in  percents  of  area  of  cut  or  volume 
of  alloy; 

t  is  the  standardized  deviation,  clearly  connected  with  the  probability  or 
reliability  of  expected  error  P; 
cr  [  F  ]  is  the  mean'  '<0±pahtt‘  deviation. 


Ir.  its  turn,  the  value  of  standardized  deviation  t  is  connected  with  the 
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probability  or  reliability  of  result  of  determination  P  by  the  following 
dependence: 


P  = 


(15.6) 


Since  the  integral  in  ^15.6)  is  not  chosen,  we  adduce  in  Table  12  the  values  of 
probability  P  for  various  values  of  standardized  deviation  t  and  vice  versa. 

It  follows  from  eq.(l5.5)  and  XXKTtfXXg  Table  12  that,  for  the  actual 
case,  being  examined  by  us,  of  determining  the  amount  of  pearlite,  the  absolute 
error  of  determination,  at  iSe  reliability  fixed  by  the  probability  0.5  or 

50%,  equals 


A  =  0,6745  •  5,13  =  3,46% 

of  pearlite.  This  signifies  that  J&bthe  results  of  a  large  number  of  independent 
analyses  conducted  under  identical  conditions,  rot  less  than  50%  of  all  results 
will  have  an  absolute  error  not  exceeding  3«46^  of  area  of  cut  or  volume  of  alloy. 


Such 


an  error^  characterized  by  the  reliability  of  0.5  or  50%,  is  called  the 


probable  error  and  comprises  the  chief  characteristic  of  accuracy  of  analysis. 


Table  12 


1 '  / 

P 

I 

p 

p 

t 

0,10 

0,0796 

1,40 

0,8384 

0,50 

1 

0,6745  1 

0,20 

0,1586 

1,50 

0,8664 

0,60 

0,8416 

0,30 

0,2358 

1,60 

0,8904 

0,70 

1,0364 

0,40 

0,3108 

1,70 

0,9108 

0,80 

1,2816 

0,50 

0,3830 

1,80 

0,9282 

0,90 

1,6449 

0,60 

0,4514 

1,90 

0,9426 

0,95 

1,9600 

0,70 

0,5160 

2,00 

0,9544 

0,98 

2,3263 

0,80 

0,5762 

2.20 

0,9722 

0,99 

2,5758 

0,90 

0,6318 

2,40 

0,9836 

0,998 

3,0902 

1,00 

0,6826 

2,60 

0,9906 

1,10 

0,7286 

2,80  < 

0,9948 

1,20 

0,7698 

3,00 

0,9973 

'  1,30 

0,8064 

4,00 

0,999936 

1 

i  m 


If  we,  not  changing  the  conditions  of  conducting  the  analysis  of  the  given 
structure,  pose  more  rigorous  MjpSM  requirements  for  the  reliability  of  the 
results  being  obtained,  assuming  for  instance  a  reliability  P,  not  equaling  0.5 
but  0.7,  the  absolute  error  of  determination  increases  to 

A  =  1,0364  •  5,13  =  5,32o/o 

of  pearlite.  Hence,  increasing  the  value  P,  it  is  necessary  to  change  at  the 

same  time  the  allowable  absolute  error  (at  the  assigned  conditions  of  analysis ) . 

Taking  into  account  the  requirements  posed  fo  *e suits  of  analysis,  M2  we 

should  regulate  its  precision,  being  determined  by  the  value  of  acceptable  absolute 

error  and  by  the  reliability  of  assuring  it.  However,  being  affected  at  the  same 

time  by  fixed  standards  of  value  for  £  and  P,  we  by  the  same  token  predetermine 

the  necessity  of  obtaining  a  fully  concrete  value  of  mean  quadratic  deviation,  as 

this  follows  from  eq.(15.5).  This  last  value  depends  upon  the  conditions  of 

analysis,  i.e.  upon  the  nature  of  the  structure  being  analyzed,  upon  the  length 
secants. 

and  position  of  the  ^^r^XStlrtgyifaeiSa  Therefore  it  appears  KX  necessary  to 

establish  a  dependence  between  conditions  of  analysis  and  value  of  mean 

qrrffrati «  deviation  being  derived  under  these  conditions,’  however  the  absence  of 

geometric  validity  of  contours  of  structure  does  not  permit  one  to  do  this  theoretically. 

Therefore  we  will  strive  to  establish  it  empirically, 

XMMfMOMXMXI  According  to  A. A. Glagolev, 

— tAMAAH-' 

hence  also  the  value  of  mean  qiairinniiiic  deviation  of  results  of  a  number  of  repeated 
analyses  from  the  actual  content  o^ giver,  structural  component  are  determined  in  a 
well' defined  manner  by  the  number  of  individual  segments  measured  ir  the  process  of 
analysis  (Pibl.50).  Data  of  a  series  of  analyses  of  various  structures  indicated 

) 
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however,  that  the  mean  qjastegfrSx  deviation  depends  both  upon  the  content  of  the 


component  being  analyzed  in  the  alloy  as  well  as  upon  the  nature  of  the 


structure. 


The  value  of  mean 


i  gi&dratic 


c  deviation  is  inversely  proportional  to  the 


square  root  £»m  a  number  of  observations  or  measurements.  As  stated  above,  in 

our  case  a  unit  of  measurement  is  a  separate  segment  obtained  atf inter section 

A 

a  secant. 

of  a  microparticle  by  fftK’igXTHsff  Therefore  we  verified  the 


dependence  between  the  number  of  segments  measured  during  determination  of 

content  of®given  structural  component,  and  the  value  of  mean  c  deviation. 

A 

For  each  cut,  by  the  stationary  microsection  method  (with use  of  an 
ocular-micrometer),  we  conducted  a  series  of  identification  of  the  same  structural 


component.  In  each  series,  a  different  number  of  segments  was  obtained  for  each 


determination.  This  was  achieved  either  by  the  use  of  various  magnifications 


at 


(by  changing  the  lens),  or  by  a  calculation  with  the  same  magnification  but  a 
different  lengthjof  calibrated  part  of  the  eyepiece.  Typical  dependences  between 
the  number  of  measured  M$MMM  segments  and  the  value  obtained  foi^nean 


ic  deviation,  shown  in  Fig. AO,  reliably  confirm  that  for  each  given 


structure  there  exists  a  dependence  of  the  type 


a  {F} 


(15.7) 


where  z  is  the  quantity  of  individual  segments  measured  in  the  process  of  each 
independent  determination. 

The  number  of  segments  is  directly  proportional  to  the  length  of 
secants, 

Igggg;  on  which  the  measurements  were  conducted.  Therefore  it  is  clear  that  the 


effect  of  the  length  of  secant  upon  the  value  cx{  F]  is  taken  into  account  by  the 


denominator  of  eq. (15.7),  while  its  numerator  depends  only  upon  the  nature  of 

secants. 

structure  and  the  location  of  the  The  direction  of  the 

secants  does  not  play  a  part  unless  the  structure  is  IMM  isotropic,  i.e,,  if 
its  nature  does  not  depend  upon  the  direction. (even  if  only  in  the  plane  of  the 
cut). 

From  the  curves,  similar  to  those  shown  in  Fig. 40,  we  obtain  the  following 
values  for  numerator  A  of  eq.(l5«7)  for  diverse  structures  and  structural  component 

A  —  Y  za  (f) 


Graphite  of  gray  iron,  lamellae  slightly  MM  bent,  distributed 

unevenly,  isolated  one  from  the  other.  Content  of  graphite 

equals  5.8%  by  volume  (line  1  in  Fig. 40)  .  14.5 

equiaxial 

Ferrite,  forming  a  network  about  X3£JOfflGQ2CK  grains  of  KM 

pearlite.  Content  of  ferrite, 16.1$  .  22.1 

(3-phase  in  transverse  cut  of  rod  of  two-phase  brass  having  an 
equiaxial 

&$X3!3QCXMi  structure.  Content  of  (3  -phase}  21, 0#  .  29.7 

Pearlite  component  in  transverse  cut  of  rod  of  pre-eutectoid 

equiaxial 

annealed  steel  having  apSMXiaLK  structure  .  Pearlite  -  content,  MM 
28.1% .  28.9 


Ferrite,  forming  a  broken  network  with  traces  of  Widmanstaetten 

structure  in  cross  cut  of  rod  of  pre-eutectoid  steel.  Ferrite 

content^  32.8!S  (line  2  in  Fig. 40)  .  32.8 

Pearlite  component  in  cross  cut  of  rod  of  pre-eutectoid  steel 
equiaxial 

having  MIXJ0SM  structure.  Pearlite  content^  35.2$  ......  29.2 

Martensite  component  in  troostite-martensite  structure  of  KMK&K 

tempered  steel.  Content  of  martensite  component, 40. 5%  ....  31.9 

Analyzing  the  results  obtained,  one  can  note  that  the  product  VT.  «(f)  =  a 

depends  upon  the  content  of  the  structural  component  being  analyzed  in  the  alloy. 

With  an  increase  in  this  content  (within  the  limits  investigated),  the  value  of  A 

increases  rapidly  at  first  and  then  slowly. 
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Fig. 40  -  Dependence  of  Value  of  Mean  QuSdpeiti* «■  Deviation  cr{f} 
upon  Number  Z  of  Segments  Measured 

In  the  two- phase  structures,  the  number  of  segments  of  a  secant  falling 

on  each  of  the  structural  components  is  evidently  uniform.  9y  t»  simple 

substitution  of  the  value  (100  -  F)  instead  of  F  in  equations  (15.1),  (15-3), 

and  (15.2),  it  can  be  shown  that  such  a  substitution  does  not  affect  the  result 

of  computing  the  mean*'  deviation.  Thence  it  IMS  follows  that  the 

values  for  Ajfound  for  two-phase  structures^  are  actual  for  both  structural 

components,  in  spite  of  their  different  content  in  structure.  For  instance,  the 

uniform  value  of  the  product^*  c?{f]  ,  equaling  14.5,  is  obtained  both  for 

Jg.  content  of  5.S*  (graphite)  as  well  as  for  .^content  supplementing  this 

value  by  100*,  i.e.  for  94.2*  (metallic  base  of  iron),  etc. 

include 

Hence,  the  numerator  A  of  eq.(l5.?)  should  KMXMM  a  factor,  depending  upon 
the  content  of  the  component  F  being  analyzed  and  KM  having  identical  values  at 
substitution  in  it  both  of  the  value  F  as  well  as  (100  -  F).  The  appearance 
of  this  factor  is  as  follows: 

/  F  (100  —  F)  ,  (15*8) 

Transforming  In  the  appropriate  manner  the  earlier  obtained  dependence  (15.  ^ 
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we  get  a  formula  permitting  us  to  find  the  value  of  mean  quadratic  deviation  by  a 


calculational  method: 


»  {F)  =  KyJK^n 

V  2 


(15.9) 


Substituting  the  data  of  seven  different  analyses  into  eq.(l5.9),  we  can 


observe  that  K  is  constant.  It  turns  out  that  this  factor  for  the  investigated 


structures  changes  within  relatively  narrow  limits,  namely  from  0.60  to  0.73. 


The  mean  value  of  the  coefficient  for  structures,  the  nature  of  which  is  independent 
of  direction  of  secants  on  the  plane  of  the  cut,  is  fixed  by  the  value  0,65.  In 


Fig. 41,  we  show  the  dependence  between  the  content  of  structural  component  being 


3*- 


analyzed  in  alloy  F,  ancPvalue  of  the  product  tfz  ’  cr[F)  ,  constructed  on^asis  of 
experimental  data  presented  above.  The  curve  presented  in  Fig. 41  corresponds  to 
eq.(l5.9),  in  which  the  factor  of  proportionality  is  assumed  to  equal  0.65.  The 
dependence  obtained  confirms  the  adequate  reliability  cr  eq.(15.9),  and  the 
possibility  of  its  use  for  computing  the  value  of  the  expected  mean 


deviation. 


In  those  cases  when  the  structure  has  a  definite  orientation,  the  direction  of 

secants  affects  the  value  of  factor  K.  By^linear  method,  we  determined  the  pearlite 

content  in  soft  steel,  the  structure  of  which  on  a  lengthwise  cut  had  a  sharply 
striation. 

manifested^axctabaJatetjo;  In  one  series  of  determinations,  the  secants  were  located 
"! fa  the  striation 

perpendicular  to  direction,  of  bjffisJMxSfeftig,  and  an  the  second,  parallel  to  it. 

It  turned  out  that  in  both  cases,  there  was  derived  a  distinct  dependence  between 

the  -souape 

the  number  of  segments,  at  single  determination,  and  value  of  mean  qxxrirxtxg  deviation, 

in 

similar  to  that  shown  in  Fig. 40.  However, E  the  first  case  the  product  /"if  •  cr |  F  ! 


135 


4 


proved  to  equal  13*2,  while  in  the  second  it  was  considerably  greater,  namely 
32.9 »  The  pearlite  content  in  the  structure  was  found  to  equal  l7, 8$  and  18.3$ 
respectively.  The  substitution  of  the  obtained  values  into  eq,(35»9)  permits 


Fig. 41  -  Dependence  between  Content  F  of  Component  Being 
Analyzed  and  Value  of  the  Product 
V~i-o  [F] 

in  the  case  of  striation, 

one  to  establish  thatx&fc  secants,  parallel  to  the  KatSiURixgtatS,  the  factor  K 

it  is 

equals  0.85,  while  at  perpendicular  ones,  0.34  in  all. 

a 

Hence,  in  a  determination  of  the  content  of  structural  component  by  linear 


method  in  striated  structures,  the  secants  need  to  be  arranged  perpendicularly 


to  the  direction  of  striation.  Therein,  measuring  an  even  number  of  segments,  we 

the 

get  a  considerably  smaller  error  than  at  random  orientation  of  secants,  and  much 
less  than  at  their  arrangement  parallel  to  the  direction  of  lamination. 


It  is  noteworthy  that  in  addition  to  the  examined  factors,  upci  the  value  of 
factor  K  of  eq.(l5.9),  the  uniformity  of  distribution  of 'component 

being  analyzed  according  to  field  of  microsection.  The  method  of  objective 
quantitative  estimation  of  uniformity  of  structure  has  not  yet  beer,  proposed,  therefore 
vre  are  deprived  of  the  chance  to  take  this  factor  into  consideration  in  eq.(l5.9). 


However,  it  is  worth  mentioning  that  in  the  most  unfavorable  case,  the  maximum 


probable  absolute  error  of  analysis: 


A  =  2,08  •  0,6745  =  1,4%. 

of^ornponent 


Hence  the  real  content  or'component  being  analyzed  may  differ  from  the  value  found 


by  us  (32$)  by  not  more  than  l.^with  a  reliability  equaling  50$. 


For  a  preliminary  calculation  of^equired  number  of  segments,  it  is  first 


A  O' 

necessary  to  set  a  value  of  allowable  absolute  error  u  and  with, reliability  of 

A 


assurance  P.  Let  us  set  up  a  probable  error  of  determination  (P  =  0.50  or  50$), 
not  exceeding  1$  of  the  area  of  the  cut  or  the  volume  of  the  alloy.  From  Table  12, 
we  find  the  corresponding  value  of  ft'K-CXMMXXM  standard  deviation  0.6745.  In 
addition,  we  need  to  know,  even  if  only  approximately,  the  ur.kr.ovm  content  of  the 
structural  component  F  being  analyzed.  Let  us  assume  that  this  content,  appraised 
visually,  equals  20$.  Substituting  the  listed  values  into  eq.(15.1l),  and  setting 
the  factor  K  equal  to  1,  we  get: 


2  =  |  °,61745-  )2  *  20  (100  -  20)  =  728. 


Having  examined  the  cut  in  such  fields  of  view  or  on  secants  of  such  total 
length/^that  the  total  number  of  segments  amounts  to  728,  we  get  a  result  of 
analysis  differing  from  the  true  content  o/Jgiven  structural  component  by  not  more 
than  1$  in  50  cases  out  of  100.  Let  us  now  examine  the  remaining  50$  of  cases  of 
analyses  in.  which  the  error  car.  MXZ  surpass  the  computed  value,  namely  1$.  Under 


conditions  of  analysis  selected  by  us,  the  value  of  mean  q«a4ra"fcic  deviation  being 
determined  by  eq.(l5.9)  will  equal  (at  K  =  1 ) : 


°(V) 


"/■ 


20  (100  —  20) 
728 


=  1,48  %. 


Substituting  this  value  in.  ec.(l5.5),  we  get: 

A  =  1,48  t. 
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According  to  this  depier.der.ee,  one  car.  compute  the  probability  of  obtaining  errors 


1 


exceeding  1$.  Let  us 


substitute  instead  of  A,  ir.  sequence,  the  numbers 


1.5;  2.0)  3.0;  4.0  etc.,  and  based  on  the  obtained  values  of  standard  deviation  t, 

we  find  from  Table  12  the  pertinent  probabilities  of  such  errors.  It  turns  out  that 

/ 

if  in  50  cases  out  of  lOO/^the  error  does  not  exceed  1$,  then  in  68$  of  the  cases 

it  will  be  less  than  1.5$,  in  82 $  of  the  cases  less  than  2$,  in  96$  of  the  cases 

an 

less  than  3$,  in  99$  of  the  cases  less  than  4$,  while  XM  error  exceeding  4$  is 


fairly  improbable. 

The  example  presented  shows  that  although  XXX  at  relatively  high  reliability 
of  analysis,  typified  by  the  probability  of  0.50,  a  large  percentage^  of  tests  can 
deviate  from^computed  value  of  absolute  error,  nevertheless  the  absolute  value  of 
error  at  these  deviations  will  not  XX  reach  inadmissibly  great  values.  The 


probability  of  getting  an  error  greater  than  that  computed  quickly  decreases  with 


an  increase  in  absolute  value 


Mr 

or  error. 


Therefore  one  should  not  attain  an 


exceedingly  high  reliability  of  analysis.  Subsequently  in  the  majority  of  cases, 


we  will  evaluate  the  accuracy  of  analysis  with  the  value  of  probable  error. 


To  avoid  calculations  based  on  eo. (15.10)  for  obtaining'*value  of  absolute 

A 


error  or  based  or  eq.(l5.U)  for  determining  the  needed  number  of  segments,  we 


have  compiled  the  reference  fables  13  -  16.  The  data  of  Tables  13  and  15  are 
intended  for  the  reliability  of  the  result  of  analysis,  being  determined  with  a 
probability  of  0.50  or  50$  (standard  deviation  0.6745 ),  while  Tables  14  and  16  are 


for  a  considerably  higher  reliability,  Xiffti  Tying  typified  by  the  probability  of 


0.9544  or  95.44$  (standard  deviation  2.00).  In  the  compilation  of  all  tables,  we 


proceeded  from  the  most  unfavorable  conditions  of  analysis,  assuming  the  factor  K 
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ZMMXgl 
Tabls  13 

Probable  Absolute  Error  of  Determination  at  Linear  and 
Point  Analysis 


4) 

i 

2 

3 

4 

5 

15 

25 

30 

35 

40 

45 

50 

99 

98 

97 

96 

95 

85 

80 

75 

7  0 

65 

60 

55 

10 

2,10 

2,96 

3,60 

4,14 

4,60 

6,33 

7,53 

8,44 

9,13 

9,65 

10,05 

20 

1,48 

2,08 

2,54 

2,92 

3,25 

4,47 

5,32 

5,96 

6,46 

6,83 

7,11 

7,45 

50 

0,94 

1,32 

1,61 

1,85 

m 

2,83 

1 ;; 

3,77 

EXE 

4,32 

4,49 

4,61 

4,69 

4,71 

100 

0,66 

0,93 

1,14 

1,31 

1,45 

7  1  * 

2,67 

2,89 

3,06 

3,18 

3,27 

3,32 

3,33 

200 

0,47 

0,66 

0,80 

0,92 

oca 

|7« 

DE3 

MS 

2,16 

2,25 

2,31 

2,34 

2,36 

300 

0,38 

0,54 

0,66 

0,75 

0,84 

1,15 

1,37 

1,54 

1,67 

1,76 

1,83 

1,88 

1,91 

1,92 

400 

0,33 

0,47 

0,57 

0,65 

0,73 

LH3 

MU 

1,33 

1,44 

1,53 

1,59 

1,63 

1,66 

1,67 

500 

360 

0,42 

0,51 

0,58 

0,65 

0,89 

Mm 

1,19 

1,29 

1,36 

1,42 

1,46 

1.48 

1,49 

500 

0,27 

0,38 

0,46 

0,53 

0,59 

0,82 

np  | 

[■TiTfl 

1,18 

1,25 

m 

1,33 

1,36 

700 

0,25 

0,35 

0,43 

0,49 

0,55 

0,76 

nCi 

nm 

HE 

1,15 

1,20 

1,23 

1,25 

1,26 

800 

0,28 

0,33 

0,40 

0,46 

0,51 

0,71 

nP[ 

fnCil 

mm 

1,08 

1.12 

1,15 

1.17 

1,18 

900 

0,22 

0,31 

0,38 

0,44 

0.48 

0,67 

Hr  j 

0,89 

0,96 

1,02 

1K>: 

1,09 

1,11 

1000 

0,21 

013 

0,36 

0,41 

0,46 

0,63 

jjr ; 

0,81 

i 

0,97 

DCS 

1,03 

1,05 

2000 

0,15 

0,21 

0,25 

0,29 

0,3? 

0,45 

nC ! 

jVjtl 

0,68 

0,71 

0,73 

0,74 

0,74 

3000 

0,12 

0,17 

0,21 

0,24 

0,27 

0,3? 

nr ; 

nr  ? 

!  it 

|V«T[ 

EE; 

0,60 

0,61 

0,61 

4000 

ME 

0,15 

D,  18 

0,21 

0,23 

0,32 

X ! 

nr; 

! 

nr : 

EM 

0,52 

0,52 

0,53 

5000 

0,09 

0,13 

0,16 

0,18 

0,21 

0,28 

X  ■ 

X ; 

!  : 

nr : 

0,45 

0,46 

0,47 

0,47 

10000 

0,07 

0,09 

0,11 

0,13 

0,15 

nC 

X  ] 

!  h 

X 

m  p  \ 

0,33 

0,33 

15000 

0-,  05 

0,08 

0,09 

0,11 

0,1?. 

0,16 

0,19 

0,22 

!  U 

» 

■j 

0,27 

0,27 

lira 

20000 
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a)  Humber  of  points  (of  segments);  b)  Content  of  phase  F,  ,'o 

of  eqs. (15.10)  and  (15.31)  as  equal  to  1.  However  even  in  this  case,  a  uniform 

distribution  of  secants  over  the  entire  area  of  the  cut  was  mandatory. 

If  the  analysis  has  already  been  conducted  and  it  is  required  to  establish 

its  error  a  posteriori,  we  use  Tables  13  and  1 A.  According  to  the  content,  determined 

by  analysis,  of  the  examined  structural  component  F  and  according  to  the  number  of 

segments  measured  in  the  process  of  analysis,  we  find  from  Table  13  the  probable 

absolute  error  of  determination.  According  to  the  same  initial  data,  we  find  from 

is 

Table  1 L  the  value  of  absolute  error  which  SGS&S  not  exceeded  in  SJXX  95  cases  of 
analysis  out  of  100. 

If  it  is  required  that  we  conduct  an  analysis,  the  probable  absolute  error 

1L0 


Table  1L 


Absolute  Error  of  Determination  during  Linear  and  Point 

Analvsis  with^Probability  of  0.9544 
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a)  Number  of  points  segments);  b)  Content  of  phase  F,  % 


of  which  should  not  exceed  the  earlier  casaed  value  A,  then  based  on  this  value 


and  the  approximate  content  of^component  F  being  analyzed  (appraised  visually), 


we 


find  from  Table  15  the  appropriate  number  of  segments  which  need  to  be  measured. 


If  it  is  required  that  we  assure  the  obtainment  of  a  fixed  value  of  error  .A  with 
a  higher  degree  of  reliability  than  the  probable  error,  we  can  use  the  data  in 


Table  16. 


If  the  result  of  analysis  differs  substantially  from  that  value  which  vie 
estimated  visually,  determining  the  necessary  number  of  segments,  we  should  make 
the  appropriate  correction,  taking  into  account  more  reliable  data  obtained  as  a 


result  of  analysis. 
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In  the  calculation  of 

Tables  13  -  16,  the  factor  K 

was  assumed  to  equal  1. 

Analyzing  the  structures,  the 

nature  of  which  does  not 

depend  upon  the  direction 

(in  the  plane  of  cut),  we  get 

a  factor  K  which  is  always  less 

than  unity.  mean  value  can 

be  assumed  to  equal  0.65,  as 

follows  from  the  earlier 

presented  teat  data.  Equation 

(15. 11)  indicates  that  the 

required  number  of  segments 

is  proportional  to  the  square 
Therefore, 

of  the  factor  K.  XMKX 
the  number  of  segments  which 
is  determined  based  on  tabular 
data  can  almost  always  be 
considerably  decreased  by 


multiplying  it  times  the 
square  of  the  factor  K,  that 
i$  by  0.42,  if  only  the 
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)  Absolute  error  A ,  %’,  b)  Content  of  phase 


structure  is  isotropic  (isometric)  and  uniform.  If  the  structure  is  banded, 
and  the  HM&KX  secants  are  located  perpendicularly  to  the  direction  of  the 
striation,  the  required  number  of  segments  then  decreases  still  more.  In  this 
case,  the  value  of  the  factor  K  car.  be  assumed  to  equal  0.4  and  hence  the  necessary 
number  of  segments  found  from  the  tables  can  be  multiplied  by  0.16.  For  instance, 
if  at  content  of  analyzed  component/equaling  20$,  and^probable  error  not 
surpassing  1%,  we  are  required  to  measure  711  segments  (see  Table  13),  in  case  of 
banded  arrangement  of  the  component  being  analyzed  and  with  secants  directed 
perpendicularly  to  the  striation,  then  for  getting  the  same  accuracy  of  analysis, 

p 

it  is  sufficient  to  measure  a  total  of  711  x  0.4  =  114  segments,  namely  six  times 
less. 

If  the  objects  of  analysis  are  at  the  same  time  several  components,  in  an 
analysis  or:  the  same  length  of  secants,  then  the  error  of  determination  of  each  of 
the  components  will  differ,  since  their  content  in  the  alloy,  dimensions  and  form 
of  microparticles  are  different.  Therefore  the  calculation  of  error  needs  to  be 
made  for  each  of  the  structural  components  separately. 

XMI  The  linear  method  of  determining  the  structural  or  phase  composition  of 
an  alloy,  owing  to  the  possibilit:/  of  using  various  devices,  especially  integrators, 
is  very  effective  both  in  accuracy  and  in  speed.  It  is  especially  effective  in  the 
analysis  of  structural  components  having  a  banded  arrangement,  since  here  we  are 
required  to  measure  the  minimum  number  of  segments  to  get  sufficient  accuracy.  In 
particular,  it  is  feasible  to  determine  by  such  a  method  the  very  small  amounts  of 
structural  components,  having  a  linear  orientation  (for  instance,  content  of 
extended  nonmetallic  inclusions  in  a  lengthwise  cut),  by  the  method  of  stationary 


ndcrosectior. .  We  should  recall  that  in  the  use  of  lengthwise  cuts,  the  mean 


suspended  volumetric  content  of  phase  should  be  computed  or.  the  basis  of 
eq.(ll,3)  (see  Section  11). 

For  analysis  of  the  metallic  structures,  it  is  convenient  to  use  the 
linear  method.  Determining  by  this  method  the  structural  composition,  it  is 
easy  to  compute  (with  the  measurement  and  summation  of  lengths  of  segments)  the 
number  of  segments,  especially  since  this  is  necessary  also  for  a  determination 
of  accuracy  of  the  analysis  conducted.  This  number  of  segments,  referred  to  a  unit 
length  of  secants,  along  which  they  were  measured,  provides  the  possibility  of 


i/ry 

determining  the  second  most  important  parameter  of  spatial  structure  of  alloy, 
namely  the  £X  value  of  specific  surface  of  the  structural  component  under  analysis. 


In  an  electric  integrating  instrument,  the  diagram  of  which  is  shown 


in  Fig. 36,  the  number  of  segments  is  not  computed;  however  this  can  easily  be  done 


by  modifying  the  system  slightly.  Such  a  type  of  device  was  proposed  by 


A. A. Glagolev  in  one  of  the  designs  of  the  integrators  developed  by  him  (Bibl.50). 


In  conclusion,  vie  present  an  example  of  incorrect  use  of  linear  analysis. 


Determining  the  content  of 


carbides  of  chromium,  niobium  ,and 


tantalum  in  various  alloys  by  the  linear  method  and  striving  for  exceedingly  high 
accuracy  of  determination,  namely  0,01%,  J.R.Lane  and  N.J .Grant  could  not  detect 
changes  ir.  structure  in  the  process  of  KftK  aging  of  alloys  (3ibl.7P).  Actually,  if 
we  assume  the  probable  error  as  equaling  0.01$,  at  content  of  about  5%  of  the 


given  type  of  carbides,  we  are  then  required  to  measure  more  than  two  million 


segments.  Naturally,  this  could  not  be  done,  although  the  $HM&M  process  of 


linear  analysis,  according  to  the  testimony  of  authors,  lasts  for  several  days.  It 


is  suite  evident  that  it  is  necessary  to  reckon  with  the  possibilities  SIS  of  each 


type  of  analysis.  The  data  presented  ir.  this  paragraph  permit  one  to  compute  in 


U5 


advance  the  possible  accuracy  of  determination  for  the  given  actual  conditions 


and  requirements. 

Section  16.  Point  Method  of  Determining  Phase  and  Structural  Volumetric 
Composition  of  Alloy 

The  point  method  of  quantitative  analysis  was  first  proposed  in  1931  by 
A. A. Glagolev  (Bibl.52)  with  reference  to  rocks---.  This  method  is  based  on 
conclusions  drawn  from  the  theory  of  probability  and  its  essence  can  be  illustrated 
as  follows. 

Let  us  assume  that  there 

*~*t  is  a  field  consisting  of  a  number  of  individual 
areas  {are 

sectors,  the  XiffiX  of  which  IXK?S[|known  to  us.  The  entire  field  is  sown  evenly, 
v, 'herein  we  know  the  total  number  of  grains  used  in  sowing.  It  is  required  to 
establish  how  many  grains  have  fallen  on  each  of  the  sectors  separately.  The 
solution  of  this  problem  is  quite  elementary,  since  it  is  obvious  that  the  number 


of  grains  which  had  fallen  on  any  of  the  sectors  of  an  evenly  strewn  field,  is 


proportional  to  the  area  of  this  sector. 


(we 


Thence  there  follows  the  quite  valid  opposite  proposition,  namely  iff know  the 


quantities  of  grains  which  have  fallen  on  each  sector,  but  we  do  not  know  the  areas 

In  the  American  metallurgical  literature,  the  point  counting  method  is  often 
MMt  called  the  method  of  Cohen,  who  allegedly 

first  introduced  this  method  into  metallographic  practice  in  1947  (3ibl.273,  374). 
Moreover,  the  use  of  the  point  MI  counting  method  for  quantitative  analysis  of 
structure  of  alloys  was  MMiMX  recommended  by  the  actual  author  of  the  method, 

Glagolev,  as  earlv  as  1935  (3ibl,5A)  and  was  used  in  practice  bv  the  author  of  the 

GXXjfalfS 

present  book  in  1939  (3ibl.275). 
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of  the  sectors,  then  using  the  same  law  of  proportionality,  we  car  determine 
the  areas  of  sectors.  This  proposition  forms  the  basis  of  the  point  counting 
method. 

From  the  theory  of  probability  it  is  known  that  if  we  draw  a  point  at  random 
in  the  area  G,  the  probability  of  the  occurrence  of  the  point  in  any  part  of  this 

^ir 

area  is  proportional  to  the  size  of  this  part  (length,  area^tc.)  and  doos^depend 
upon  its  location  and  shape  (Bibl.101).  Therefore, if  the  area  is  a  plane,  the 
area  of  which  equals  G,  the  probability  of  placing  at  random  a  sketched  point  on 
the  part  of  the  surface,  the  area  of  which  equals  g,  will  equal 


P  =  i 


wherein  this  probability  is  independent  of  the  shape  and  location 


of  the  part  of  surface  g.  Specifically,  this  part  can  consist  of  a  large  number 


of  individual  sectors,  the  total  area  of  which  equals  g. 


If  XK  the  surface  being  considered  we  draw  not  one  but  a  large  number  of 


points  z,  then  H  sector  g  of  the  surface  there  will  fall  x  points,  wherein  the 


number  x  tends  towards  the  value  pz  and  the  ratio  of  values  pz  and  x  are  all 


the  closer  to  unity,  the  greater  number  of  points  that  arc  drawn  on  the  surface, 

A 


Therefore  the  part  of  area  of  sector  g  on  the  surface  G  will  be  ever  MX  closer  to 

the  value  =  -2-  ,  the  greater  the  value  for  z  (and  hence  for  x). 

G  z 

With  reference  to  the  quantitative  microanalysis,  the  point  counting  method 

reduces  to  a  jumplike  movement  of  the  cut  in  the  field  of  view  of  the  microscope, 

wherein  KX  in  each  new  position  of  the  cut,  it  is  noted  just  which  of  the  structural 

the  crossing 

components  is  located  in  the  point  of  MMXXMIX  of  the  eyepiece  with  the  cross  hair 
Let  us  assume  that  the  structure  under  consideration  contains  three  components, 


which  we  designate  by  A,  3  and  C.  If  in  the  process  of  examining  the  cut  ir.  1000 


14" 


fields  of  view,  the  point  of  cross-hair  (reticle)  fell  20X  tijnes  or.  component  A, 

GC  times  on  component  3  and  70S  times  on  C,  the  relative  content  of  these  components 
in  the  area  of  cut,  and  also  in  the  volume  of  alloy  then  comprises  in  %: 


A . 20.  h 

3 . 8.3 

C . 70.8 


100.0 


In  the  point  analysis  the  points  on  the  microsection  can  be  arranged, 


by  continually  rr.ovirg  the  cut  by  the  same  amount  (for  instance,  by  0.2  mm)  vdth 


the  aid  of  slides  mounted  on  the  microscope  stand.  Having  finished  one  series, 
we 

MS  move  to  a  second  parallel  series,  etc.  As  a  result,  the  points  prove  to  be 


located  in  the  nodes  of  a  quadratic  or  rectangular  grid.  In  petrographic  analysis, 


there  is  used  the  special  Jaitaw  developed  by  Glagolev,  with  the  aid  of  which  the 


cut  is  moved  along  a  spiral  line,  by  the  same  amount  each  time.  The  observance 


of  XX  a  fixed  geometric  regularity  of  placing  the  points  is  quite  unnecessary,  if 
the  main  requirement  is  fulfilled,  namely  uniformity  of  their  distribution.  However, 
this  last  requirement  is  assured  most  reliable^at  a  regular  arrangement  of  points 
over  the  entire  field  of  the  cut.  The  important  advantage  of  the  point  counting 
method  KMX XX  consists  in  that^car.  be  used  without  any  kind  of  special  equipment. 

Even  in  the  use  of  the  simplest  method,  the  movement  of  the  cut  by  hand  and  a 
recording  of  results,  MKXM  one  can  conduct  an  analysis  of  structure  in  a  total  of 


only  30  -  A0  min. 


The  point  counting  method  of  analysis  permits  the  mechanization  of  the 
process  of  moving  the  cut  and  the  computation  of  points,  which  considerablv  simplifies 
ar.d  speeds  up  the  analysis,  at  the  same  time  increasing  its  fffiaSI  precision.  A  device 
for  poi-t  aralysis,  called  a  push  integrator  was  proposed  by  Glagolev  in  several 
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variants,  the  first  of  which  was  developed  in  1:?31  (3ibl.50).  In  simplest  form, 


the  push  integrator  is  a  recorder  consisting  of  several  mechanical  counters  of 
ordinary  type.  The  counters  count  off  the  number  of  presses  made  on  a  key,  each 
of  which  is  intended  for  a  fixed  structural  component.  Simultaneously  with  pressing 
on  any  key,  by  means  of  a  flexible  lead  (for  instance  the  trigger  from  a  camera), 
a  jolt  is  given  to  the  micrometer  screw  of  the  slides  of  the  microscope  or 

of  a  two- coordinate  conveying  tube,  which  displaced  the  cut  into  a  new  position. 

At  the  start  of  analysis,  all  counters  are  zero-set.  The  observer  working  with 
the  push  integrator,  observing  the  structure  in  the  eyepiece,  presses  on  that  key 
which  is  dented  for  counting  the  number  of  points  falling  in  the  structural 
component,  located  at  the  giver,  position  of  cut  in  the  center  of  field  of  view 
(i.e.  in  the  point  of  reticle  of  the  eyepiece).  During  pressure,  the  microscope 
stand  is  moved  into  a  new  position  XMX  and  the  observer  again  presses  the  key, 
corresponding  to  this  new  position,  etc.  In  the  process  of  the  entire  analysis, 
there  is  MK  no  need  to  look  away  from  the  eyepiece,  which  has  to  be  done  many 
.times  in  working  without  a  push  integrator  and  which  has  a  bad  effect  upon  vision. 

In  certain  models  of  the  push  integrator,  there  are  special  devices  whi.ch 
automatically  indicate  the  attainment  of  a  fixed  total  number  of  points,  set 


beforehand  depending  upon  the  required  accuracy  of  analysis.  After  examinirg  by 
the  described  sequence  the  entire  area  of  cut,  the  number  of  pressures  (recorded 
by  the  counters)  on  each  of  the  keys  are  proportional  to  the  content  of  the 


corresponding  structural  components  in  the  alloy;  therefore^ the  calculation  of 
percer.tual  composition  of  alloy  requires  no  more  than  several  minutes.  Thus, 


the  push  integrator  permits  ore  to  determine  simultaneously  the  content  of  all 


structural  components  of  the  alloy,  the  numcer  of  which  rarely  surpasses  6,  wherein 


the  duration  o?  analysis  in  case  of  1000  points  reduces  to  15  -  20  rain,  also 


i 


s 

I 


intended  for  determining  the  structural  composition,  in  economy,  rapidity  of 

analysis  and  accuracy  of  results  obtained.  Comparing  the  speed  of  analysis 

in  the  point  counting  and  linear  methods  of  analysis,  Chayes  adduces  the 

when  using  the  Wentworth  integrating  stage 

following  data:  duration  of  analysis 

comprises  1  hr,  in  the  electrical  counter  used  by  Hurlbut,  the  analysis  is 
conducted  in  30  min,  while  in  the  point  counter  (primitive  construction)  it 
takes  but  15  min.  Subsequently,  conducting  over  600  analyses  of  rocks  by  the 
point  counting  method,  Chayes  confirmed  his  initial  estimation  of  this  means 
of  analysis  (3ibl,103). 

The  accuracy  and  reliability  of  results  of  analysis  conducted  by  the  point 

counting  method  are  determined  in  a  well-defined  manner  (for  the  given  structure) 

by  the  total  number  of  points,  computed  in  the  process  of  aralysis.  In  distinction 

formulas , 

from  the  linear  method,  where  we  use  empirical  TdrM-M ,  in  case  of  the  point 

analysis,  the  geometrical  probability  of  the  falling  of  a  point  in  one  or  the 

other  structural  component  is  easily  subjected  to  calculation.  Therefore,  basing 

Laplace 

on  data  of  the  probability  theory  and  specifically  the  theorem,  M  one 

car.  determine  computationally  the  conditions  of  analysis  assuring  the  obtainment 
of  an  error  not  ir  excess  of  that  assigned,  with  an  earlier  established  reliability. 

Let  us  assume  that  or.e  of  the  structural  components,  the  content  of  which  we 
desire  to  identify,  occupies  on  the  cut  of  £K  its  entire  area,  which  is  taken 
to  equal  100$.  If  we  take  a  sufficiently  large  number  of  points  z,  distributing 
them  randomly  but  uniformly  over  the  entire  area  of  the  cut,  the  probability  of 
the  occurrence  of  an  individual  point  on  the  structural  component  of  interest  to 
us  will  equal  p,  wherein,  as  was  stated  above, 
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The  chance  of  XXM  the  opposite  occurrence,  i.e,  of  the  falling  of  a 


separate,  randomly  selected  point  or  ar.  area  occupied  by  all  the  other  structural 
components  (other  than  that  of  interest  to  us),  we  q.  Then 


obviously, 


9  = 


100  -  F 
100 


If  we  s aasiiig  the  number  of  points  (from  the  total  number  of  points  z),  which 


have  fallen  on  the  area  of  the  cut,  occupied  by  the  measured  structural  component, 


by  x,  KXHM  then  the  error  of  determination  will  equal 


8  =  —  -  P, 

z 


while  the  absolute  error  of  determination,  expressed  in  percents  of  an  area  of 


cut,  will  be  100  times  larger: 


A  =  1008  100  ~~F. 

2 


Fhe  probability  theory  provides  the  following  relationship  between  the 


value  of  error  of  determination  5 ,  the  number  of  measurements  for  countings  made 

during  test  (in  the  given  case,  the  number  of  points)  z3and  the  probabilities  p 

A  ' 


ana  q: 


5  =  t\f  - 


P  <7 


(16.1) 


or  substituting  instead  of  6,  p  ar.d  q  their  value  is  expressed  in.  percentages  of 


area  of  cut: 


00  -  F) 


(16.2) 


b*2 


The  coefficient  t  entering  eiiuXKi  eqs.(l6.l)  and  (16.2)  the  same 


standard  dd  deviation,  which  we  mentioned  above  (see  Section  15).  It  i3 
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connected  with  the  reliability  of  the  obtained  result  of  analysis  by  eq. (15.6), 


and  the  appropriate  numerical  data  are  adduced  in  Table  12. 


To  determine  the  error  of  analysis^,  it  is  necessary  to  know/values  F  and  z 


and  to  assign  a  definite  reliability  of  result  of  determination  P,  according  to 

which  there  is  found  the  corresponding  value  of  standard  deviation  t  (from  Table  12). 

In  the  practice  of  quantitative  microanalysis,  KiE  two  types  are  possible:  XjXffiMK 
a  posteriori 

a) /determination  of  error  of  already  conducted  analysis,  when  we  already  know  the 
values  listed  above  and  b)  preliminary  calculation  of  conditions  of  analysis 
(i.e.  of  required  number  of  points),  assuring  the  obtainment  of  an  error  not 


surpassing  that  assigned  beforehand.  In  the  latter  case,  the  unknown  content  of 


the  structural  component  F  being  analyzed  is  determined  approximately  in  advance, 


visually,  and  after  8®»dWf  ofQhnalysis,  a  refined  calculation  of  error  is 


conducted. 


Let  us  assume  that  we  have  conducted  by  the  point  counting  method  an  analysis 


of  an  alloy,  wherein  of  the  examined  1200  points,  L$2  fell  in  the  assigned 


structural  component,  while  748  fell  in  all  the  remaining  components  of  the 


structure.  Hence  the  unknown  content  of  the  assigned  component  of  the  structure 


will  equal  (ir.  percents  of  area  of  cut  or  volume  of  alloy): 


F  =  100  =  37,70/ 

1200 

V,'e  find  the  error  of  determination  according  to  eq.(16.2),  having  substituted 
in  it  the  derived  values: 

A  =  t  l/ jL7-.ll°°-~iZuZL  =  1 .40%  •  t. 
y  1200 

Having  assigned  to  the  MiGfiid  standard  deviation  t  various  values,  corresponding  to 

m 
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fixed  values  of  reliability  of  XffiffJfX  analytical  results,  we  get  actual  values  of 

certainty.  certainty 

error  for  each  For  instance,  if  t  =  0.6745,  the  of 

obtaining  error,  not  surpassing  the  value 

1,40  •  0,6745  =  0,94 %, 

then  equals  0.50  or  50?  (see  Table  12).  In  other  words,  in  the  conduct  of  a  large 

number  of  independent  analyses,  according  to  1200  points  in  each  analysis,  in  15? 

of  the  analyses  the  error  does  not  surpass  0.94?  of  the  area  of  the  cut.  The 
a  certainty  of 

error  obtained  with  0.50  or  50?  is  called  the  probable  error  and 

its  value  IX  most  often  typifies  the  accuracy  of  determination  being 

realized  by  this  or  another  method. 

certainty 

If  we  assign  a  higher JEsddabdikkSy,  equaling  e.g.  0.99  or  99?,  for  which  the 

standard  deviation  equals  2.575P,  then  only  in  one  case  out  of  100  analyses  (with 

exceed 

1200  points  in  each)  can  the  absolute  error  somewhat  the  value 

1,40  •  2,5758  -  3,6%. 

In  the  calculation  of  the  minimum  necessary  number  of  points,  in  order  to 
get  the  required  accuracy  of  analysis,  we  use  the  formula  obtained  from 


eq.(l6.2): 


Z  =  f3  £  (100  —  F) 
A2 


(16.3) 


To  compute  the  number  of  points  z,  we  assign  in  advance  the  values  A  and  t, 


proceeding  from  the  purpose  and  importance  of  the  analysis,  while  we  determine  F 
in  first  approximation  visually.  From  eq.(l6.3),  it  follows  that  the  required 


number  of  points  quickly  Increases  with  a  SXMI  decrease  in  the  permissible  absolute 

error  of  determir.ationA  and  with^increase  in  reliability  of  result  of  analysis, 

being  determined  b  v^ralue  of  standard  deviation  t.  Ml  since  these  two  values 
A 


enter  the  formula  in  the  second  power. 
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Let  us  examine  the  above  presented  example  when  the  content  of  SXii  structural 
component  being  analyzed  in  the  alloy  equals  37. ':%•  The  probable  absolute  error, 
exceeding  1$  of  area  of  volume  of  cut,  may  be  obtained  at  number  of  points  s,  being 
determined  by  eq.(l6.3): 


2  =  (0,6745)*  ■37,7-1-100 — =  1069. 

'  '  (l,0)a 


Conducting  a  determination  with  the  same  reliability,  but  with  a  permissible 
error  not  surpassing  0.5$  of  volume  of  alloy,  we  get  the  necessary  number  of  points 


exceeding  the  former  by  L  tines: 


(0  6745)*  37'7i100  -  37^  4276. 

(0,5)2 


If  at  the  same  permissible  error,  we  increase  the  reliability  of  result  of  analysis 
from  50%  to  95$  (at  which  the  standard  deviation  t  equals  1.9600),  the  number  of 


points  which  need  to  be  calculated  will  increase  to 


z  -  (1,9600) 


*  37,7  (100  -  37,7) 
(0.5)= 


9023. 


The  numerator  of  the  eq. (16,3)  acquires  maximum  3GC  importance  when  the  given 

olfe 


structural  component  takes  up  exactly  ft  half  of  the  volume  of  alloy  and  symmetrically 

rb  /\ 

l<ie 


<V 

decreases  at  /decrease  of  its  content  to  zero  or  at  increase  to  100$,  as  is  evident 

A 


from  the  data  in  Table  17.  However,  the  required  number  of  points,  at  small 
contents  of  the  component  being  analyzed  nevertheless  increases,  in  spite  of  the 
corresponding  decrease  in  the  numerator,  since  the  lower  the  content  of  assigned 
component  in  the  alloy,  the  smaller  should  be  the  value  of  permissible  absolute  MMK 
error  A}  which  enters  the  denominator  of  eq.(l6.3)  in  squared  form.  Thus  if^ at 
content  oi^ given  component  equaling  50$,  even  in.  case  of  a  high  requirement  for 


accuracy  of  analysis,  an  error  of  0,5$  of  the  volume  is  quite  acceptable  relative 


error  equals  1$),  then  at ^content  oJ^component  being  analyzed  equaling  0.5$  of 

a 

volume  of  alloy,  the  absolute  error  should  be  counted  in  hundredths  of  a  percent 
of  volume  o  f^jkloy.  Accordingly  there  also  increases  the  number  of  points  required 


for  obtaining  such  an  accuracy. 


Table  17 


P  (100-5) 

P.  7. 

5.  % 

P  (100-5) 

P.  % 

1 

99 

99 

26 

1924 

74 

2 

196 

98 

27 

1971 

73 

3 

291 

97 

28 

2016 

72 

4 

384 

96 

29 

2059 

71 

5 

475 

95 

30 

2100 

70 

6 

564 

94 

31 

2139 

69 

7 

651 

93 

32 

2176 

68 

8 

736 

92 

33 

2211 

67 

9 

819 

91 

34 

2244 

66 

10  • 

900 

90 

35 

2275 

65 

11 

979 

89 

36 

2304 

64 

12 

'  1056 

88 

37 

2331 

63 

13 

1131 

87 

38 

2356 

62 

14 

1204 

86 

39 

2379 

61 

15 

1275 

85 

40 

2400 

60 

16 

1344 

84 

41 

2419 

59 

17 

1411 

83 

42 

2436 

58 

18 

1476 

82 

43 

2451 

57 

19 

1539 

81 

44 

2464 

56 

20 

1600 

80 

45 

2475 

55 

21 

1559 

79 

46 

2484 

54 

22 

1716 

78 

47 

2491 

53 

23 

1771 

77 

48 

2496 

52 

24 

1824 

76 

49 

2499 

51 

25  ' 

1875 

75 

50 

2500 

50 

For  instance,  if  we  conduct  a  determination  of  the  component  of  structure 
occurring  in  a  total  of  0.5 %  by  volume,  while  the  value  of  absolute  error  should 
not  surpass  0.025$  (which  Hffi  corresponds  to  the  relative  error  equaling  5%)  at  o 
probability  of  50$,  then  the  required  accuracy  is  assured  by  calculating  the 
following  number  of  points: 

z  =  (0,6745)8  —  36214. 

'  '  (0,025)* 

TTiftf  Practice  indicates  that  in  one  minute,  one  car.  compute  ^5  -  100  poirts 
(2ibl.l02).  7er.ce  for  computing  36,  12L  points,  more  than  L  hrs  would  oe  required, 
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i.e,  p3QQffiu£D$  practically  an  entire  MK  working  day. 

In  such  cases,  it  is  advantageous  to  use  the  MMKMXMI  "method  of  fields", 

proposed  by  Glagolev  (3ibl.50),  According  to  the  method  of  fields,  in  one  field 

of  view  there  is  examined  not  one  point  of  crossing  of  the  eyepiece  with  the 

nodal 

cross-hair,  but  iffiMMIK  several  hundred  XMK22  points  of  the  grid  of  the 

eyepiece.  Moving  the  cut  in  the  field  of  view  of  the  microscope,  at  each  new 

nodal 

position  of  it  there  is  computed  the  number  of  points  of  the  grid  of  the 

eyepiece,  falling  in  the  structural  component  being  analyzed.  For  instance,  in 
the  determination  of  content  of  component,  present  in  the  alloy  in  the  amount  of 
0.5%  in  all,  let  us  use  the  square-grid  eyepiece,  show,  in  Fig.lt  which  has 
229  KMiOKXXjl  nodal  points  (17  x  l'?).  Conducting  the  calculation  in  about 
125  fields  of  view,  distributed  evenly  over  the  entire  field  of  cut,  we  already 
get  the  required  total  number  of  points: 

125  •  289  =  36125. 

This  calculation  may  be  done  quite  rapidly,  since  in  all  125  fields  of  view, 
in  the  analyzed  structural  component,  there  fall^f,  approximately 

36125  =  180  P°"ts 

100 

which  we  also  have  to  compute,  and  this  takes  up  10  -  15  min  in  all.  Hence,  the 
Glagolev  method  of  fields  permits  one  to  expand  considerably  the  area  of  efficient 
use  of  the  point  counting  method  for  cases  of  low  content  of  components  of 
structure  being  analyzed.  However,  it  must  be  kept  in  mind  that  in  the  use  of 
the  method  IS  of  fields,  or.e  gets  a  grouped,  congested  arrangement 

of  points  and  hence  the  principle  of  uniform  distribution  of  points  over  the  entire 
area  of  the  cut,  placed  at  the  basis  of  the  conclusion  of  eq.(16.2),  is  disrupted. 
Therefore  the  accuracy  of  the  method  depends  not  only  upon  the  total  number  of  points, 
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but  also  upon  fluctuation  in  content  of^component  being  analyzed  in  various 
fields  of  view.  As  a  result  of  this,  the  actual  error  will  exceed  the  computational 
one  to  ar.  ever  greater  degree,  the  more  irregular  the  distribution  of  the  analyzed 
component  over  the  field  of  the  cut. 

If  the  content  of  structural  component  is  less  than  0.l£  of  the  volume  of 
alloy,  the  number  of  required  points  increases  to  such  an  extent,  that  even  the 
use  of  IX  the  method  of  fields  does  not  permit  the  attainment  of  a  practically 
acceptable  duration  of  microanalysis.  In  such  a  case,  as  noted  above  (see 
Sections  13  and  15),  it  is  more  feasible  to  use  the  plar.imetric  or  linear  methods. 

In  order  to  avoid  the  need  for  calculations  using  eq.(l6.3),  one  can  use 
compiled  reference  tables.  It  is  easy  to  see  that  eq,(l6,3)  for  the  point  counting 
method  is  quite  identical  to  eqs. (15.10)  and  (15.11)  for  the  linear  method,  adduced 
in  Section  15,  under  the  condition  that  the  factor  K  in  the  latter  ones  is  equal 
to  1.  Since  Tables  13  -  16  were  computed  under  the  observance  of  this  condition, 
they  are  JjXXX  quite  applicable  r.ot  only  for  the  linear  but  also  for  the  point 
counting  method.  In  the  latter  case,  the  number  of  segments  is  equivalent  to  the 
number  of  points. 

The  above'-presented  calculations  of  error  take  into  account  the  random  errors 
of  statistical  analysis.  In  addition  to  these  errors,  there  can  occur  a  systematic 
error,  caused  by  the  fact  that  the  point  of  crossing  of  the  eyepiece  with  the 
cross-hairs  and  the  nodal  points  of  the  square-grid  eyepiece  are  r.ot  geometric  points 
but  have  fixed,  although  small,  dimensions.  This  systematic  error  is  coupled  with 
the  random  XXJffiXif  error  ar.d  as  a  result  the  total  error  of  analysis  may  prove  in 
certain  cases  to  be  quite  considerable,  as  this  was  indicated  by  A.G.Spektor  (libl.lOA). 
In  Fig. hi,  we  show  systematically  the  effect  of  width  of  lines  forming  a  ftftXk'O  point 
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upon  the  obtainment  of  a  systematic  error.  If  the  width  of  lines  equals  a,  while 
the  diameter  of  sections  of  microparticles,  having  a  spherical  form,  which  for 
simplicity  we  will  assume  of  equal  size,  equals  d,  then  the  "point"  partially 
or  completely  falls  cn  all  sections  of  microparticles,  the  centers  of  which  prove 
to  be  located  within  the  contour  A  (Fig, 42, a).  However,  if  the  XI  point  is 
geometric,  not  having  dimensions,  it  can  fall  only  in  those  sections  of 
microparticles,  the  centers  of  which  prove  to  be  located  within  the  circumference 
with  a  diameter  d,  with  a  center  in  the  point  of  the  crossing  (Fig. 42, b).  Hence, 
the  actual  "point"  always  will  fall  on  the  structural  component /^being  analyzed, 
in  a  greater  number  of  cases  than  the  ideal  point.  As  IM  is  evident,  the  error 
will  be  all  the  greater,  the  less  the  diameter  of  sections  of  microparticles  d 
in  comparison  with  the  size  of  "point"  a,  i.e.  the  more  dispersed  the  structural 
component  being  analyzed. 

Spektor  determined  the  content  of  nonmetallic  MpBEIKiSK  inclusions  ir. 
type  ShKhl5  steel  in  a  MMM.  transverse  microsection.  The  determination  was 
made  by  the  method  of  fields,  wherein  the  total  number  of  points  comprised 
1,770,000,  of  which  580  points  fell  ir.  the  nonmetallic  inclusions.  If  we  disregard 


Fig. 42  -  Effect  of  Width  of  Lines  Forming  the  Point  of  Cross-Hair 
of  Eyepiece,  during  Point  Counting  Method  of  Analysis  [after 
Spektor  (Picl.104)] 
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the  dimensions  of  nodal  "points"  of  the  eyepiece  grid,  the  volumetric  content 
of  nonmetallic  inclusions  in  steel  is  determined  by  the  figure 


Fig. A3  -  Eyepiece  Insert  with 


580 


1770000 


100  =  0,0328%. 


AW 


h  of  projection  of  linex  of  the  grid 


of  eyepiece  or.  the  surface  of  the  cut  was 


found  as  equal  to  one  micron,  while  the 


average  dimension  of  sections  of  round 


Dark  Sector  Replacing  the  Eyepiece 
with  Cross-Hairs,  and  Free  of 
Systematic  Error 


inclusions 

nonmetallic  IMpMiKMS  was  4  microns.  The 


calculation  of  content  of  nonmetallic 

inclusions,  conducted  by  Spektor  with  a  correction,  taking  into  account  the  effect 

twice  as 

of  actual  width  of  lines  of  the  eyepiece  grid,  yielded  a  result  almost/small  as 
that  obtained  without  correction,  namely  0.0176^.  A  control  analysis,  conducted 
by  the  planimetric  method,  yiexded  a  figure  very  close  to  the  latter,  that  is 
0.01'74^.  According  to  the  Spektor  data,  one  should  never  disregard  the 
dimensions  of  the  "point",  even  in  the  case  when,  its  cross  section  is  20  times  less 
than  the  mean  diameter  of  sections  of  microparticles  (in  the  example  considered,  the 
cross  section  of  the  "point"  is  k  times  less  than  the  mean  diameter  of  inclusions 
i:  the  cut). 

In  an  analysis  of  the  dispersed  structure  by  the  point  method,  we  can  use  a 

correction  coefficient,  for  calculation  of  which  we  need  to  know  the  width  of  lines 

forming  the  "point",  the  mean  diameter  of  sections  of  microparticles  and  their  number 

correction 

per  uni:.  4B  area  of  the  cut.  The  method  of  computing  this  KAT.ivffXXYM  coefficient  wa 
developed  by  A .1. Spektor  (3ibl.lOA);  however^  we  do  not  present  it  here  because  it  is 
failin'  unwieldy  and  requires  determination  of  a  number  of  additional  parameters  of 


Fi g.kL  -  Eyepiece  Insert,  Replacing  the  Square-Grid  Eyepiece 
during  Toint  Counting  Analysis,  Free  of  Systematic  Error 


microstructure  average  diameter  of  inclusions,  and  their  quantity). 

We  show  in.  Fig. 43  ar.  eyepiece  insert  with  a  dark  sector.  The  point  of  the 
peak  of  this  sector  is  a  geometric  point  and  therefore,  using  such  an  insert, 
one  car.  be  rid  of  systematic  error.  In  Fig. At,  we  show  another  insert,  containing 
a  number  of  dark  squares,  replacing  the  square-grid  eyepiece  for  purposes  of  point 
analysis  by  the  method  of  fields.  In  the  analysis,  there  is  MMgft  identified  the 


XjtnjtMt* 

structural  component,  or  which  there  falls  each  of  the  points  of  .jaaate  of  the 


squares. 


Section  17.  Structural  and  Chemical  Composition  of  Alloy 
The 

X£X2  result  of  quantitative  metallographic  analysis  conducted  by  planimetric, 
linear  or  the  point  counting  method,  is  the  complete  or  partial  structural  composition 
of  alloy,  expressed  in  percentages  or  fractions  of  area  of  it  iff  d  cut  or  of  volume  of 


alloy  (which  has  the  sire  meaning  at  proper  choice  of  surface  of  cut).  Frequently 


it  is  feasible  to  convert  the  structural  composition  to  chemical  or  vice  versa; 


v 

Ji- 


this  permits  not  only  a  checking  of  results  of  both  types  of  analysis  by  way  of 
their  comparison,  but  also  develops  additional  data  or.  the  composition  of  individual 
phases  and  structural  components. 

In  the  formulas  connecting  the  chemical  and  structural  composition  of  the 
KM#  there 

alloy,  3£K8M/rnandatorily  enter  the  values  of  specific  weights  of  phases  and  structural 
components,  ar.d  also  of  the  alloy  as  a  whole.  Therefore  a  valuable  supplement  to  the 
data  of  structural  and  chemical  compositions  of  alloy  is  the  amount  of  specific 
weight  of  the  alloy  itself.  This  value  can  be  determined  experimentally  with  high 
accuracy  and  is  very  simple  methodologically. 

The  specific  weight  of  individual  phases  and  structural  components  of  alloys 
far  from  being  know  in  every  case.  However  if  we  have  access  to  data  both 
of  structural  and  chemical  composition  of  alloy,  then  we  can  determine  by  a 
computational  method  the  specific  weight  of  any  phase  and  structural  component, 
which  it  is  not  possible  to  differentiate  in  a  pure  form  for  the  test  determination 
of  its  specific  weight. 

Since  in  the  future  it  is  necessary  to  deal  with  a  number  of  values,  expressing 
the  structural  and  chemical  composition  of  alloy,  the  chemical  composition  and 
specific  weight  of  individual  phases  and  XKKMMMX8  structural  components,  we 
introduce  the  following  symbols: 

1.  Individual  phases  and  XM  structural  components  of  alloy . a,  b,  c 

2.  Content  of  phase  or  structural  component  in  alloy, 

in  percents  of  area  of  cut  or  volume  of  allov . 

a’  b'  c 

3.  Fraction  of  volume  of  alloy  occupied  by  phase  or  structural 

component,  md/m?  or  cm.3/cm3  . .  .  £ta,  Z 

L.  Content  of  phase  or  structural  component  in  alloy,  ir.  weirh* 

oercentares  . . . . . G  ,  G.  ,  G 

•  a’  b’  c 
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5.  Specific  weight  of  Individual  phase  or  structural  component,  #X 

gVcm3 . . . '  '  ra’  Yb’  Yc 

6,  Content  ir.  individual  phase  or  in  structural  component  of  any 

element  (for  instance,  of  carbon),  in  weight  perccr.  tagGS  *  «  i  •  C^,  ^b> 

In  the  case  of  f^npawi-carbon^d  alloys,  the  b,  c  replace 

the  indexes  signifying  the  actual  structural  components  of  steels  and  irons: 

F  (ferrite),  P  (pearlite),  Ts  (cementite),  G  (graphite),  M  (martensite),  T  (troostite), 
S  (sorbite),  etc.  The  content  of  jSKX  phase  expressed  in  volumetric  percents, 

Fa,  is  equal  to  the  fraction,  magnified  100  XI#  times,  of  volume  of  alloy  being 
occupied  by  the  same  phase  2Va. 

If  we  know  the  full  structural  composition  of  the  alloy,  the  weight  content 
of  any  of  XM  its  structural  components  is  then  found  according  to  the  equation: 


G  _  _ _ Yq  ZVg 

Yq  2  ^q  +  Tt  S  Vb  +  Ve  I  Fc  + 


100%. 


(17.1) 


If  the  actual  specific  weight  of  the  alloy  itself  is  know.,  we  can  substitute 
its  value  in  the  denominator  of  the  formula,  since  the  denominator  equals  the 
specific  wight  of  the  alloy  as  a  whole.  This  permits  one  to  compute  the  weight 
content  of  any  phase  or  M#  component  of  the  structure  of  the  alloy,  if  we  know 
the  volumetric  content  of  the  given  XIMXKitMXK  structural  component  and  its 
specific  weight. 


0_ 


The  unknown  specific  weight  ofA  structural  component  is  easy  to  find  based 
on  the  same  formula,  if  we  know  its  weight  content  Ga,  the  volumetric  content  ?,V& 
and  the  actual  specific  weight  of^allo  y,  comprising  the  denominator  of  eq.(l7,l). 


„  V** _ 4  A 


As  ar  example,  we  determine  the  specific  weight  of  graphite  component  of  six  samples 

/ 


of  gray  and  malleable  iror.f,  using  the  test  data  of  G .1  .Popodir-Alekseyev  (3ibl,105), 


adduced  in  Table  18.  Samples  1-3  represent  malleable  irons  with  a  ferrite  or 
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pearlite  base,  while  samples  4-6  refer  to  ppi  gray  iron^,  of  which  the 
metallic  base  MffldX  consists  of  pearlite  or  of  pearlite  combined  with  cementite. 

The  volumetric  content  of  graphite  was  determined  by  plarimetry  based  on 
photomicrographs,  determining  the  sectors  of  cuts  with  average  graphite  content 

for  XE  each  sample,  wherein  the  accuracy  of  determination  was  low.  The  weight 
content  of  graphite  was  determined  by  the  difference  between  the  content  of 
total  carbon  and  horded- carbon ;  these  contents  were  presented  by  Pogodin-Aleksevev 
for  all  six  samples. 

Table  18 


«) 

b) 

fl 

1 

0 

°0 

e) 

1 

2,71 

0,18 

2.53 

8 

7,384 

2 

3,18 

0 

3,18 

10.5 

7,282 

3 

2,80 

0,92 

1,88 

6 

7,459 

4 

3,30 

1,24 

2,06 

7 

7,440 

5 

2,86 

1,12 

1,74 

6 

7,505 

6 

2,76 

0.89 

1,87 

6 

7,466 

a)  ho.  of  sample;  b)  Carbor.  &MX  content,  %  (by  weight);  c)  Ctotal;  d) 

e)  C  ph-it-e’  Content  of  graphite,  %  (by  volume);  g)  Specific  weight  of  iron, 

gm/ cm-^ 


The  calculation  was  done  on  the  basis  of  eq.(l7.l).  The  specific  weight  o f ~'m. 
graphite  component  is  not  known.  The  left  side  of  the  equation  is  set  equal  to 
the  weight  content  of  graphite  ir.  iron.  Thus,  for  the  first  sample,  we  set  up 
the  equality: 

2,53  =  ]0 

7,384 

from  which  we  fi-d  y  --  2.34  gm/cr.-5.  Similarly  for  all  six  samples  we  get,  gm/crrr : 
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1  . 2,34 

2  . 2,21 

3  . 2,34 

4  . 2,19 

5  . 2,18 

6 . 2,33 

mean  . 2,27 

Based  on  literature  data  (3ibl.l06,  107,  108,  109),  the  specific  weight  of 
graphite  ci quite  inconsistently  between  XM  2,  20  and  2.55,  while  the 
theoretical  calculation  based  on  parameters  ol^crystal  lattice  provides  the 
figure  2.24. 

In  spite  of  the  above-mentioned  low  accuracy  of  determining  the  volumetric 
content  of  graphite,  the  results  of  all  analyses  are  very  close  to  results  obtained 

by  other  methods  and  deviate  but  little  from  the  mean  value  (not  more  than  by 

3  -  3.5$  of  the  value  being  determined). 

Since  in  the  example  considered,  the  phase  under  analysis  is  a  pure  element, 

the  value 

its  weight  content  determined  by  chemical  analysis  may  be  equated  to  3SMK  computed 
on  the  basis  of  eq.(17,l).  In  a  similar  way,  we  can  find  the  dependence  between 
the  weight  and  volumetric  content  of  graphite  in  iron.  In  conformity  with  the 
above-adduced  data,  the  specific  weight  of  graphite  can  be  assumed  to  equal 
2,25  gm/crr,3 ,  The  specific  weight  of  the  ferrite  base  depends  upon  the  content  of 
admixtures  dissolved  ir,  the  ferrite.  The  specific  weight  of  pure  ferrite,  containing 
not  over  0.01$  of  impurities,  equals  7,?7 4  gm/cr.-  (3ibl.H0),,  The  specific  weight 
of  silicic  ferrite  of  malleable  and  gray  iror.jj  is  aM1  the  lower,  the  higher  the 
silicon  content  ir.  them:  at  1$  Si,  the  specific  weight  of  ferrite  can  be  assumed 
to  equal  ~.79  M&X  gn/crrK,  while  at  2$  Si,  it  is  7.70  gm/crry  (3ibl.Hl). 

Using  these  data,  it  is  easy  to  formulate  an.  equation  for  the  case  of 

IM A 

^er?«M6-carbo"^  alloys,  containing  2%  silicon  and  having  a  ferrite  metallic  base: 
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(r.2) 


2,25  g  Vg 

2,25  Y  Vq  +  7,70  £  Vf 


100%. 


Since  the  fraction^ of  volume,  taken  up  by  ferrite  and  graphite,  are  equal  to  1  as 
a  total,  eq.(l7.2)  provides  a  clearly  defined  dependence  between  the  weight  and 
volume  content  of  graphite.  The  specific  weight  of  cementite,  based  on  data  of 
K.Khond  and  his  researchers  equals  662  gm/cm-  (Dibl.112),  that  is^almost 
exactly  coincides  with  the  specific  weight  of  siliceous  ferrite,  containing  2%  silicon. 
Therefore  eq,(l?,2)  proves  KMX  valid  not  only  for  iron  with  a  X&KX  ferrite  base, 
but  also  for  iror^  with  a  base  of  pearlite  or  of  pearlit.e  28KKIM  combined  with 

cementite.  In  Fig. 45,  the  dependence  being  determined  by  eq,(l7.2),  is  shown 
graphically  by  a  solid  line  (for  alloys,  containing  2%  silicon).  The  broken  line 


Fig. 45  -  Dependence  between  Volume  and  V/eight  Content  of  Graphite 
Contained  ir  n  itih  1  Containing  2%  Silicon  { solid 

line)  and  with  0 %  Silicon  (broken  line) 
a)  Carbon,  weight  in  %;  b)  Graphite,  volume  in  % 

corresponds  to  pure  fanrrmo  carbonjfc  alloys,  and  as  we  see,  almost  coincides  with 
the  lire  for  alloys  containing  silicon. 

The  denominator  in  eq.(l",2)  determines  the  specific  weight  of  alloys  as  a 
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whole.  The  dependence  of  specific  wight  of  ^lloy  upor^content  of  graphite,  expressed 
ir.  weight  percents,  is  presented  in  Fig. £6.  Line  (1)  in  this  drawing  corresponds  to 
pure  carbon^*,  alloys,  while  lire  (2)  corresponds  to  alloys  containing 

2%  silicon.  The  points  located  between,  these  lines  correspond  to  test  data  obtained 
for  steels  and  irons  with  a  varying  content  of  silicon,  by  Pogodin-Alekseyev  and 
N.T.Gudtsov  with  their  coworkers  (Bibl.105). 


In  those  cases  when,  the  structural  component  of  interest  to  us  is  a  chemical 
compound  or  a  complex  formation  (eutectic,  eutectoid),  the  weight  content  of 
component  obtained  by  eq. (17.1)  can  by  no  means  be  compared  directly  with  chemical 


analysis  data.  The  weight  content  determined  by  the  equation  must  be  first 


multiplied  by  the  value  determining  the  weight  content  of  the  element  of  interest 


to  us  in  the  given  structural  component, 


Fip.hr  -  Dependence  of  Specific 
Iron-Carbon 

Weight  of  Alloys 

upon  Content  of  Graphite 

a)  Specific  weight  of  iron , gm/cm- ; 

b)  Graphite,  wt.$ 

The  weight  content  of  structural  component 
determined  by  the  values: 


and  be  divided  by  100, 

Let  us  assume  that  the  structure 
hypoeutectoid 

of  steel  consists  only  of 

ferrite  and  pearlite.  Just  as  above, 
the  specific  weight  of  ferrite  is  assumed 
to  equal  7.87£,  while  that  of  pearlite  is 
7,?Ai?  pm/cm^  (the  calculation  of  this  last 
value  is  given  below).  The  carbon  content 
in  ferrite  is  assumed  to  equal  0.006$, 
while  ir  pearlite,  it  is  assumed  to  be 
0.8$  [according  to  1. 1. Kornilov  (3i'cl.21)]. 
i,  ir.  conformity  -with  eq.(l'7.l),  is 
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9<- 


0  =  7,874  £  Vf 

f  7,874  2  +  7,848  i  Vp 

g  _  7,848  2  Vf 

?  7,874  i  V{  +  7,848  2  V^p 


100% 

100%. 


Since  in  the  given  case,  carbon  is  contained  in  both  components  of  the 
structure,  its  total  computed  content  in  steel,  expressed  in  weight  percents, 


vdll  equal 

_  _  7,874  •  0,006  X  Vf.  +  7,848  •  0,8  I  V? 

/oL  “  7,874  S  Vf  +  7,848  2  V,  '  (17.3) 


pearlite  equal  unity,  eq,(17.3)  permits  one  to  determine  unequivocally  the  content 
of  carbon  in  steel  based  orrquantity  of  pearlite  in  its  volume  (or  ir.  the 
area  of  cut).  The  dependence  is  considerably  simplified  if  we  disregard  the 
difference  of  specific  weights  of  ferrite  and  pearlite,  and  also  the  content  of 


carbon  in  ferrite,  as  is  usually  done  in  metallographic  practice,  then 


%  C  =  0,8  L  VP 


(17.4) 


Prom  Table  19,  it  is  evident  that  the  difference  in  results  computed  according 


to  eqs.(l'7.4)  and  (17.3)  is  slight. 


Table  19 


O) 

t>) 

c) 

d) 

0 

0,006 

0 

0,1 

0,085 

0,08 

0,2 

0,164 

0,16 

0,3 

0,244 

0,24 

0,4 

0,323 

0,32 

0,5 

0,402 

0,40 

0.6 

0,482 

0,43 

0,7 

0,561 

0.56 

0,8 

0,641 

0,64 

0,9 

0,720 

0,72 

1.0 

0,800 

0,80 

a)  Fraction  of  pearlite  in  volume  of  steel;  b)  Carbon  content, %•  c)  3 y  exact 
formula;  d)  3y  approximate  formula 
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hyper eutectoid 

For  jSMXMXMSMM  steel,  the  calculation  of  weight  content  of  carbon  based 


on  microar.alysis  data  is  conducted  according  to  the  equation: 


■t. 


%  C  = 


7,848  •  0,8  1  Vp  +  7,662  •  0.R9  iVc 
7,848  1  V'p  +  7,682  1  Vc 


(17.5) 


in  which  the  K IgX  figure  6.69  denotes  the  carbon  content  in  cementite*.  Disregarding 


the  difference  of  specific  weights  of  pearlite  and  ferrite,  we  get 


o/0  C  =  0,8Il/P  +  6,69  2  Kc. 


(17.6) 


The  determination  of  carbon  content  by  structure  is  less  accurate  KM  in 


hyper eutectoid  steel,  in  comparison  with  hypoeutectoid.  In  general  the  accuracy  of 


microanalysis  decreases  with  an  increase  in  the  corten 


t  of^xLement  of  i 


interest 


^S.in  the  structural  component  being  measured.  In  ferrous  alloys  containing 


carbon,  therefore,  the  maximum  accuracy  is  achieved  during  measurement  of 


the  pearlite  component,  slightly  less  accurate  in  measuring  the  cementite  component, 
and  still  less  accurate  ir.  measuring  the  volume  of  free  graphite.  If^  in  the 
determination  of  volume  of  structural  component,  there  is  admitted  the  same 
absolute  error,  the  error  of  calculational  determination  of  content  of  carbon  then 
will  be  proportional  to  0.8  ir.  case  of  pearlite  structure,  and  6,69  in  case  of 


cementite  and  100  in  case  of  graphite. 


As  is  known,  the  carbon  content  in  pearlite  car.  often  deviate  considerably 
canonical 

from  the  SiKKMl  figure  as  a  result  of  formation  of  quasi-eutectoid  structures. 


This  however  does  rot  irt-erfere  with  the  establishment  of  actual  carbor.  content 


*  Usually  the  carbon  content  in  cementite  is  assumed  to  equal  6.67^.  However, 
the  calculation  conducted  KXK  on  the  recent  data  of  values  of  atomic  weights  yields 
the  figure  presented  ir.  the  text. 


only 

such  pearlite  and  its  specific  weight,  if/there  are  several  samples  of  steel  with 
varying  content  of  pearlite  identical  in  internal  structure,  and  hence  with 
varying  content  of  carbon  in  the  steel.  For  instance,  if  there  are  two  samples 
of  steel  containing  pearlite  of  homogeneous  structure,  the  carbon  content  in  which 
is  known,  as  well  as  the  volume  content  of  pearlite,  determined  by  one  of  the 
methods  of  quantitative  microanalysis,  one  can  then  compute  the  unknowns,  namely 
the  specific  weight  of  pearlite  and  content  of  carbon  in  it.  Disregarding  the 
carbon  content  in  ferrite,  we  formulate  for  each  of  the  samples  individually  an 


equation  of  the  following  type: 


_ CP  Yp  •  £  VP 

7,874  (I  -  1  l'P)  +  YP  ■  3  Vf 


(17.7) 


In  these  equations,  only  two  values  are  unknown  to  us,  namely  the  carbon  content 
in  the  quasi-eutectoid  Cp  and  its  specific  weight  Yp*  Therefore,  having  at  2QCX 
our  disposal  two  equations  with  two  unknowns,  we  easily  find  both  unknowns. 

If  we  were  also  interested  in  the  values  which  we  disregarded  in  the  above 
calculation,  namely  the  carbon  content  in  ferrite  and  the  specific  weight  of 
ferrite,  then  we  would  have  reeded  not  two  but  four  samples  with  Mj^EEK  varying 
carbon  content,  but  with  identical  pearlite  structure.  Such  a  method  of  calculation 
can  prove  quite  effective  for  investigating  the  structure  and  properties  even  of 
subnicroscopic  elements  of  structure,  for  instance  the  metal  of  intercrystallite 

zones. 

If  a  determination  of  structural  composition  by  methods  of  quantitative 
metallography  becomes  difficult  or  unrealizable  by  way  of  direct  experiment^ as  a 
result  of  high  dispersed  state  of  structure  being  analyzed,  we  can  get  the  data  of 
interest  to  us  by  way  of  calculation.  For  instance,  the  volumetric  composition  of 
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stratified  pearlite  is  quite  difficult  to  determine  by  direct,  measurement  of 


content  of  ferrite  and  cementite,  as  a  result  of  a  number  of  difficulties  of  a 
technical  nature,  which  we  mentioned  in  Section  12.  Nevertheless,  having  at  our 
disposal  values  of  specific  weights  of  ferrite  and  cementite,  the  content  of 
carbon  in  them,  and  knowing  the  carbon  content  in  pearlite,  we  can  formulate  an 
equation  similar  to  eqs.(l7.3)  and  (17,5): 

n  a  _  7  874  '  0.006  1  vf  +  7'622  '  6'fin  ~  Yc 
’  ~  7,874  S  Vf  -j-  7,662  ii  Kc  ’  (17.?) 


in  which  there  is  contained  but  one  unknown,  £  Vts,  since  the  fractions  of  volume 
of  pearlite  occupied  by  ferrite  and  cementite  are  equal  to  unity  in  the  total. 
Solving  this  equation,  we  find  the  volumetric  content  of  ferrite  and  cementite 
in  the  pearlite: 

LVC  =0,122  or  12,2%,  'LVf  —  0,878  or  87,8%. 

The  specific  weight  of  pearlite,  being  determined  by  the  law  of  displacement, 
is  equal  to  the  denominator  in  eq.(l?.?),  specifically  7,8 48  gm/cm^,  This  figure 
correlates  well  with  the  literature  data,  according  to  which  the  specific  weight 
of  normal  pearlite  equals  3QCSDSJ  7.846  -  7.85  gm/cm^  (Sibl.109,  10^).  The  ratio 
of  volume  of  ferrite  to  the  volume  of  cementite  in  pearlite,  in  conformity  with 
derived  data,  equals: 

0,878  :  0,122  -  7,2. 

In.  a  series  of  researches,  there  was  proved  the  inconstancy  of  chemical 

composition  of  cementite  (3ibl.S5,  113).  If  XMXI  this  is  so,  the  calculation  based 

on  eq.(r7.S)  is  rot  rigorous.  In  particular, XM  A. K. Rozanov  conducted  direct 
>&/ 

me  a  sur  eme  r.  t5"o  f  thicknesses  of  ferrite  and  cementite  plates  of  pearlite  of  eutectoid 

A 

steel  in  a  microsection  pickled  with  XXX  sodium  picrate,  wherein,  the  ratio  of  these 
thicknesses  (identical  to  the  ratio  of  volumes  of  ferrite  and  cementite  in  pearlite) 


prcvqito  equal  5.68,  but  not  7.2  as  was  computed  by  us,  and  not  7,0  as  M  was 
found  by  other  XXX  researchers  (also  by  way  of  calculation).  The  author  also 


showed  that  the  carbon  content  in  cementite  increases  with  temperature,  while  the 


hardness  of  cementite  changes  during  tempering .depending  upon  the  temperature  of 


heating  (3ibl,114). 


Using  the  data  of  quantitative  microanalysis  and  of  share  of  pure  metals 


found  experimentally,  one  can  determine  by  calculation  the  share  of  metal  in  the 


inter  crystallite  zorej  The  samples  should  differ  from  one  another  by  ffliaM  value 

of  specific  surface  of  grains  (or  value  of  grain).  Using  an  electron  microscope, 

quite 

Gardin  showed  that  one  can  determine  XMX  precisely  the  volume  of  the  inter  crystallite 

zones (3ibl. 115).  For  XX  a  specimen  of  technical  iron,  he  found  that  the  specific 

volume  of  intercrystallite  zones  equals  0,03  mirP/mm^,  or  %  of  the  total  volume  of 

metal.  The  specific  surface  of  grains  of  this  specimen  equaled  120  mm2/mm^,  while 

the  average  thickness  ol^oundarv  zone  amounted  to  0,25  micron.  Determination  of 

h 

specific  weight  of  samples  can.  be  conducted  with  great  accuracy  and  is  quite 


simple  methodologically. 

The  calculation  of  specific  weight  of  metal  as  a  whole  is  conducted,  as 
normally,  based  or  the  rule  of  displacement  according  to  the  formula: 

Tf  ~  0,97  7|(  -(-  0,03  (17.9) 

where  y^  and  y  are  respectively  the  specific  weight  of  intracrystallite  and 
intercrystallite  metals  (unknown  to  us); 

Y r  is  the  calculated  value  of  specific  weight  of  metal  as  a  whole, 
which  is  equated  to  the  value  found  from  experience. 

Since  the  specific  weights  of  two  samples  can  be  determined  experimentally, 


there  remain  two  unknowns  y^  and  y)r,  which  we  also  find  from  the  two  equations. 
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The  introduction  (into  the  calculation  of  structural  composition)  of  values 


of'  specific  weight  determined  from  experiment  is  quite  efficient,  since  the 


specific  weight  is  very  sensitive  to  the  least  changes  in  the 


structure 


of  the  alloy.  However,  it  is  noteworthy  that  the  value  of  specific  weight  is  also 


affected  by  differen cedin'* value  of  specific  volume  of  intercrystallite  zones  and 


of  change  M  in  structure  as  a  result  of  cold  plastic  deformation  (of  cold 


JaariianingK  This  needs  to  be  kept  in  mind  and  considered  in  the  production  of 


precise  calculations. 


For  instance,  K.Mayer  determined  by  test  that  the  specific  weights  of 
^  - 

irystal  and  polycrystal  of  copper  (gm/crcr)  differ  considerably,  as  this  is 


apparent  from  the  following  figures, 

Monocrystal  .  .  .  8,95235 

Folycrystal  ....  .  ...  8.94153 

The  specific  weight  of  polycrystal  is  lower  by  0.12$  owing  XM  to  the  presence 

in  the  structure  of  a  lighter  metal  of  intercrystallite  zones  (3ibl,45). 

K.G.Oknov  showed  that  cold  plastic  deformation  of  metal  is  accompanied  by 

a  decrease  ir  its  specific  weight.  The  swaging  of  samples  of  annealed  steel, 

containing  from  0.23  to  1.6?$  C,  in  which  the  height  of  samples  decreased  from 


15  to  10  mm,  was  accompanied  by  a  decrease  in  specific  weight  of  steel  by  values 

A 

ranging  from  0.02  to  0,16$.  In  alloyed  steels,  especially  austenitic,  there 


occurred  a  dHM  decrease  in  specific  weight  by  0.45  -  0.52$.  Subsequent 


annealing  of  cold-hardened  metal  is  accompanied  by  an  increase  ir.  specific  weipht. 


Thus,  the  specific  weight  of  steel  wire  (0.1$  C),  decreased  by  stretching  from  4  r 


mm 


to  0,~  mn  without  intermediate  annealing,  as  a  result  of  later  annealing  increased 


by  0.24$  (3ibl,116). 
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According  to  data  of  T.Ishigaki,  the  specific  weight  of  a  steel  sample, 
which  had  broken  during  a  tensile  test,  was  lower  by  1,08?>  in  the  breaking  zone 
than  in  the  undeformed  one  during  the  testing  of  a  part  of  the  sample  [MW. 
heading'  (3ibl.ll7)]. 


Although  changes  in  specific  weight  of  steel  during  plastic  deformation  and 

A 


should  still  be  taken  into  account. 

According  to  data  of  quantitative  microanalvsis,  chemical  analysis  and  of 
determination  of  specific  weight,  combined  calculation  can  prove  quite  effective 
in  many  cases  of  research,  having  the  purpose  of  explaining  the  chemical  composition, 
physical  properties  and  structure  of  individual  components  of  structure.  Since  at 
present,  such  M  a  method  is  used  relatively  rarely,  it  is  feasible  to  expand  its 
use  in  metallographic  practice.  The  reader  can  find  additional  information  in  the 
report  by  M.Ye.Blanter  (3ibl.ll?). 


Table  20 


Specific  Weights  of  Pure  Metals  and  of  Certain 


Structural  Components 


Name 


Ferrous-Carhon  Alloys 

Ferrite  .  ........ 

Cemertite  . . .  . 

Graphite  . . .  . 

Pearlite  .  . 

Ferrous  phosphide  ....  . 

Binary  phosphide  eutectic ( stedit?) ,  .  , 

Ferrous  sulfide  .  „  . 

Manganese  sulfide  . 

Silica  .........  .  . 

Alumina  . 

Manganese  orthosilicate  (2  MnO  •  Si02) 
Ferrous  orthosilicate  (2  FeO  •  S^).  . 
Alumina  silicate  (AI2O2  •  Si02)  .  .  .  . 

Magnesium  oxide.  . 

Manganese  oxide  .......  . 

Pure  Metals 

Aluminum  . . 

Beryllium  . . . 

Vanadium . . . 

Bismuth  . 

Tungsten . . . .  . 

Cadmium  . . ,> . 

Cobalt  ....  .  ...... 

Silicon  ......  .  .  . 

Manganese . . 

Copper . . . . 

Molybdenum  . 

Nickel  .  . . . . . 

Tin . 

Lead  . . . 

Antimony  ........  . 

Tantalum . . . 

Titanium  .  .  . 

Chromium . . . 

Zinc  . . 


y  gn/cm^ 

Source 

7,874 

liioi 

7,662 

11I2| 

2,25 

1109) 

7,848 

- 

6,74 

126] 

7,14 

|261 

4,30 

'1 

3,99 

|26| 

2,26-2,31 

1247| 

3,85-4,10 

1247) 

3,58-3,70 

I247J 

4,35 

1247| 

3,05 

1247 

3,50—3,65 

1247 

4,73-5,50 

12471 

2,7 

[248 

3,5 

|248 

8,97 

|248 

21,33 

|248 

9,58 

|248 

12,99 

1248 

8,90 

1248 

2,4 

|248 

7,44 

12481 

8,94 

|248| 

10,2 

12481 

8,9 

|248| 

7,3 

I248| 

11,34 

|248l 

6,62 

1248  j 

16,6 

|248| 

4,5 

1248] 

7,14 

|248| 

7,14 

1248| 

a)  Name:  ii£XX$&XM  b)  Source 


In  conclusion,  in  Table  20  we  adduce  values  of  specific  weights  of  a  number 
of  metallic  and  nonmetallic  structural  components  of  alloys,  mainly  IMMM. 

Jlm*  - 

tinr-iT  1  11 1  mi  which  can  be  used  in  the  calculations. 
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Chapter  III.  Measurement  of  Boundary  Surfaces  of  Grains,  Phases,  and 
Structural  Components 

Section  18.  Specific  Surface  and  Special  Methods  for  Its 
Determination 

In  pure  polycrystalline  metals,  boundaries  separating  crystallites 
appear  as  continuous  surfaces  similar  to  a  film  of  soap  suds  in  a  cy¬ 
linder.  In  contrast  to  the  latter,  the  facets  of  cells  of  the  boundary 
surface  in  metals  are  not  flat  but  more  or  less  curved,  just  as  the 
edges  of  the  cells.  In  alloys  the  interfaces  of  different  phases  or 
structural  constituents  may  be  shaped  as  continuous  surfaces.  However, 
closed  contours,  which  limit  the  volume  of  individual  microparticles 
are  also  frequently  observed. 

In  certain  structures,  closed  surfaces,  which  limit  the  volume  of 
individual  microparticles,  may  have  a  more  or  less  irregular  geome¬ 
trical  configuration  approximating  the  shape  of  a  sphere,  a  flat  plate¬ 
let,  etc.  The  thickness  of  all  interfaces,  which  would  show  this 
separately,  was  quite  insignificant  in  comparison  to  their  extent 
through  space.  For  this  reason  they  may  be  considered  as  geometrical 
surfaces. 

The  extent  (or  amount)  of  interfaces  of  grains  of  pure  metal, 
measured  ir.  units  of  area,  divided  by  the  unit  volume  of  metal  is 
called  the  specific  surface  of  grains.  In  alloys,  too,  the  surfaces 
of  various  phases  or  structural  constituents  may  bo  characterized  by  a 
definite  value  of  the  specific  surface  of  each  one  of  them.  Generally 
speaking,  the  total  specific  surface  in  an  alloy  is  not  equal  to  the 
sum  of  specific  surfaces  of  constituent  structures,  for  they  are  par¬ 
tially  superimposed.  For  example,  in  hypereutectoid  steel,  the  surface 
of  the  pearlite  constituent,  is  coincident  with  the  surface  of  oemen- 
tite.  For  this  reason  the  total . specif ic  surface  is  equal  to  the  spe¬ 
cific  surface  of  any  constituent  ar.d,  consequently,  in  this  case  the 
surfaces  are  completely  superimposed.  In  low  carbon  steel  the  surface 
of  ferrite  grains  partially  coincides  with  the  surface  of  pearlite 


formations.  Further  in  this  article,  we  shall  measure  the  value  of 

2  i 

the  specific  surface  in  all  cases  in  mm  /mm. 

Even  during  the  initial  stage  of  development  of  this  science  of 
metals,  interfaces  attracted  the  attention  of  scientists,  for  they  are 
precisely  the  region  where  the  initial  stages  of  the  formation  of  new 
structures  are  localised  during  structural  modifications.  Moreover, 
the  sise  of  the  specific  surface  is  directly  related  to  the  dispersity 
of  the  structure  which  essentially  affects  the  most  diversified  pro¬ 
perties  of  metals  and  alloys.  The  interest  in  interfaces  in  metals 
increased  particularly  after  1912,  when  W,  Rosenhain  applied  to  them  the 
hypotheses  of  G.  Beilby  on  the  amorphous  structure  of  fine  metal 
films.  Despite  that.,  the  methods  of  quantitative  evaluation  of  the 

extent  of  interfaces  were  developed  considerably  later, 
ft 

The  specific  surface  of  crystallites  in  a  pure  metal,  and  the 
specific  surface  of  any  group  of  microparticles  in  an  alloy,  are  depen¬ 
dent  (l)  upon  the  average  size  of  the  crystallite  or  microparticle, 

(2)  upon  the  shape  of  crystallites  or  microparticles  and  (3)  upon  the 
degree  of  fluctuation  of  their  sizes.  Therefore,  when  determining  the 
magnitude  of  the  specific  surface,  all  of  the  aforementioned  factors 
should  be  taken  into  account, 

A  method  for  determining  the  specific  surface  was  developed  for 
the  first  time  by  N,  T.  Belaiew  in  1922.  It  i3  applicable  to  one 
specific  structure,  lamellar  pearlite.  1C,  T.  Belaiew  utilised  the  pe¬ 
culiarities  of  the  geometrical  structure  of  lamellar  pearlite,  which 
may  be  considered,  with  a  certain  degree  of  idealization,  as  a  block 
of  plane-parallel  platelets  of  ferrite  and  cementite  having  a  different 
spatial  orientation  in  each  i  dividual  grain  of  pearlite.  It  is  as¬ 
sumed  that  platelets  of  ferrite  and  cementite  are  of  equal  thickness 
throughout  the  entire  volume  of  pearlite  subjected  to  a  similar  heat 
treatment. 

Inasmuch  as  the  carbon  content  in  the  cementi'to,  ferrite,  and 
normal  lamellar  pearlite  is  stable,  the  ratio  between  the  thicknesses 
of  ferrite  ani  cementite  platelets  remains  constant  regardless  of  the 
fineness  of  the  pearlite  structure.  The  dispersity  of  pearlite  is 
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characterized  by  the  total  thickness  of  a  single  pair  of  ferrite  and 
cementite  platelets.  It  is  measured  in  microns  and  is  known  as  inter- 
lamellar  distance  A  q.  On  a  microsection  the  apparent  interlamellar 
distance  differs  with  each  grain  of  pearlite,  for  the  plane  of  the 
microsection  intersects  pearlite  grains  forming  different  angles  with 
the  planes  of  ferrite  and  cementite  in  each  individual  grain.  It  is 
obvious  that  tho  actual  interlamellar  distance  coincides  with  the 
interlamellar  distance  which  is  the  minimum  one  of  all  interlamellar 
distances  visible  in  the  microsection;  i.  e.,  it  coincides  with  the 
visible  interlamellar  distance  of  those  pearlite  grains  ir.  which  the 
platelet  planes  happen  to  be  perpendicular  to  the  plane  of  the  micro¬ 
section. 

Let  us  mentally  cut  out  a  cube  from  the  individual  grain  of  lamellar 
pearlite,  so  that  its  two  opposite  faces  are  parallel  to  the  surfaces 
of  ferrite  and  cementite  platelets.  The  edge  of  tho  cube  we  shall  take 
an  unity.  In  that  case  the  total  number  of  pairs  of  ferrite  and  cemen¬ 
tite  platelets,  found  within  the  cube,  would  be 


Since  each  pair  of  platelets  has  two  planes  which  separate  ferrite  and 
cementite,  and  the  area  of  each  plane  is  equal  to  unity  (inasmuch  a3 
the  edge  of  the  cube  is  unity),  the  total  surface  of  phase  interfaces 
withir.  the  cube,  i.  e,,  within  the  volume  equal  to  unity,  will  be  de¬ 
fined  by  the  formula: 


V  VC  _J-  MM'/MM* 

“  “  11  A„ 

(18.D 

In  practice,  in  order  to  determine  the  specific  surface  of  phase 
interfaces  in  lamellar  pearlite,  it  is  necessary  to  know  only  the  value 
of  the  interlamellar  distance  A  q. 

The  determination  of  the  interlamellar  distance  by  the  method 
described  becomes  more  lifficult  with  increasing  dispersity  of  pearlite. 
When  the  interlamellar  distance  is  very  small,  it  is  impossible  to 
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measure  it,  since  even  at,  high  magnification  the  internal  structure  of 
pearlite  is  not  resolved  precisely  in  those  grains  in  which  the  measure¬ 
ment  has  to  be  made.  At  the  same  time,  even  in  the  pearlite  with  a 
very  fine  structure  there  are  always  observed  individual  grains  in 
which  the  microsection  plane  forms  a  small  angle  with  the  planes  of 
platelets  and ,  for  this  reason,  it  is  possible  1c  measure  only  the 
apparent  ir.terlamellar  distance  which,  however,  is  not  equal  to  the 
actual  one  but  is  always  greater  than  the  latter. 

Let  us  examine  again  the  internal  structure  of  an  individual 
grain  of  geometrically  ideally  constructed  lamellar  pearlite.  The 
number  of  cementite  platelets,  intersected  by  an  intercept  of  a  defi¬ 
nite  length  directed  normally  to  the  surface  of  platelets,  we  assume 
to  be  100  per  cent,  At  any  other  angle  between  the  intercept  and  the 
surfaces  of  platelets,  the  intercept  of  the  same  length  would  inter¬ 
sect  a  smaller  lumber  of  platelets  than  at  the  angle  of  90  degrees. 
According  to  K,  T.  Belaiew,  the  relationship  between  the  number  of 
intersected  platelets  and  the  angle  formed  by  the  intercept  and.  the 
surface  of  platelets  is  given  by  the  following  numbers  [53  >  5u]* 

64  36  30  24  17  12  h 

Lvnu/Z*.  %,  100  90  SO  70  60  50  40  30  10  5 

In  accordance  with  the  numbers  presented  above,  the  apparent 
inter! amellar  distance  will  be  the  greater  the  smaller  the  angle  be¬ 
tween  the  platelets  of  a  given  pearlite  grain  and  the  plane  of  the 
microse etiorj.  The  nature  of  the  internal  structure  of  the  grain 
remains  constant,  until  this  angle  reaches  the  value  of  about  17  to 
1?  degrees,  although  the  pearlite  appears  to  be  increasing  the  "cores'1 
as  the  angle  decreases.  However,  if  the  angle  is  less  than  (■  degrees, 

■he  appearance  of  the  internal  structure  of  the  pearlite  grain  changes 
quite  characteristically;  the  cementite  platelets  become  curved  and 
broker..  This  cjrtur.sbar.ee  was  noted  by  a.  T.  Belaiew,  who  utilized 
i  '■  to  measure  the  interpiateiet  distance  in  dispersed  pearlite,  when 
x',ir  distance  earn  t  e  measured  in  those  grail. s  vhsr*.  its  value  is 
-lini"! Tr.«>  author  of  this  met hoi  postulated  ‘’.a4  vi  practice  it 
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is  possible  to  determine  v.'ith  sufficient  accuracy  the  s-.r.gle  at  which 
the  plane  of  the  microsection  intersects  the  platelets  of  a  given  pear- 
lite  grain  from  the  nature  of  the  disposition  and  the  shape  of  cement it e 
platelets.  However,  if  we  know  this  angle  and  also  the  apparent 
interlanellar  distance  in  a  given  grain,  the  actual  interiamellar 
distance  can  be  calculated  on  the  basis  of  an  elementary  geometrical 
construction.  For  this  reason,  if  dispersed  pearlite  contains  at 
least  several  grains  in  which  ferrite  and  cemer.i  i  t  e  platelets  are  dis¬ 
tinguishable,  the  actual  interiamellar  distance  may  be  ietermined  by 
the  method  ioscribed  [55> pe].  The  characteristic  change  in  the  arrange¬ 
ment  of  cener.t it e  platelets  in  ‘he  pearlite  grain,  when  they  are  almost 
parallel  to  the  surface  of  the  microsection,  may  be  explained  by  a 
certain  space  curvature  of  cement ite  platelets,  which  for  the  first 
time  was  noted  by  11.  G.  Okanov  [119]  and.  after  that  confirmed  by  the 
investigations  cf  11.  ?,  Balaiew  [55 »  5^'J  ar.d  K.  F.  Starodubov  [120], 

The  method,  developed  by  X.  T.  Belaiew  in  1920  1,o  192G,  was  com¬ 
paratively  recently  verified  and  applied  by  G.  Pellissier  and  his  as¬ 
sociates  [121 ].  by  means  of  direct  experimentation  they  found  that  a 
special  arrangement  of  oementite  platelets  in  the  pearlite  grain  does 
exist  when  the  angle  between  the  platelets  an.d  the  plane  of  the  micro- 
section  is  less  than  7  degrees.  Therefore,  having  measured  the  apparent 
interiamellar  distance  in  pearlite  grains  of  this  type,  the  actual 
interiamellar  distance  is  calculated  by  using  the  formula: 


A  o  =  A.  sin  7°  > 


(13.2) 


where  A  ,  is  the  apparent  interiamellar  distance. 

A. 

Having  determined  the  unknown  value  of  the  actual  interiamellar 
diitar.ee,  q,  the  specific  surface  of  phase  interfaces  is  determined 
in  pearlite  from  Formula  (li.l). 

The  actual  interiamellar  distance  in  pearlite  grains,  the  plate¬ 
lets  cf  which  are  perpendicular  to  the  plane  of  the  microsection ,  :a; 
be  determined  more  readily  and  accurately.  Sven  .vhcr.  the  angle  te- 
t"'cer.  ‘he  platelets  and  the  p*ure  of  the  micros-*'':4 ;  ,n  is  1C  degrees 
greater  than  a  right  angle,  the  error  is  only  1.5  per  cent.  The 
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shortcoming  of  this  method  is  its  applicability  only  to  pearlite  with 
a  relatively  coarse  structure,  when  ferrite  and  cementite  platelets 
are  resolvable  in  all  pearlite  grains. 

The  situation  is  different  in  the  second  case  when  the  apparent 
inter lame liar  distance  is  measured  in  grains  with  a  very  small  angle 
between  the  platelets  and  the  plane  of  the  microsection  and  Formula 
(13.2)  is  used  for  calculations.  In  this  case  a  change  in  the  angle 
of  intersection  of  only  1  degree  produces  considerable  error.  For 
example,  if  the  specific  change  in  the  type  of  the  pearlite  grain  occurs 

not  at  7  degrees  but  at  6  degrees,  the  sine  of  the  angle  of  intersec- 

o 

tion  would  change  from  0.122  to  0.10H  and  the  error  would  be  14  per 
cent . 

In  view  of  the  aforesaid  it  is  more  expedient  to  determine  the 
interlamellar  distance  in  pearli te  of  high  dispersity  by  the  method 
developed  by  li«  Gensamer  and  his  associates  [122],  In  accordance  with 
their  method,  the  interlamellar  distance  is  measured  on  a  microsection 
in  several  grains  of  pearlite  along  directions  rangling  between  di¬ 
rections  perpendicular  to  the  platelets  and  directions  parallel  to 
them,  and  the  rnoan  value  is  taken.  In  other  w crds,  if  a  straight 
line  of  a  definite  length  is  drawn  across  the  si  rue  lure  of  lamellar 
pearlite  (on  the  microsection  or  photomicrograph),  which  intersects 
cementite  platelets  in  several  grains  at  all  possible  angles,  ranging 
between  0  and  90  degrees,  and  after  that  if  the  length  of  the  line  is 
divided  by  the  number  of  cementite  platelets  intersected  by  it,  the 
resulting  mean  length  of  an  intercept  between  adjacent  cementite 
platelets  will  be  precisely  the  initial  value  of  A  needed  for  calcu¬ 
lations.  Gensamer  and  his  associates  experimentally  determined  that 
the  value  derived  in  this  manner  is  proportional  to  the  actual  inter- 
lamollar  distance: 


4  = 


(13.3) 


and  that  the  coefficient  k  is  found  within  the  limits  1.9  and  2.0. 

This  relationship  is  a  special  case  of  a  general  method  fer  the 
determination  of  this  specific  surface,  th«  method  of  random  so rur.it, 
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which  will  be  described  further  in  this  book.  In  agreement  with  the 
method  of  random  secants,  the  coefficient  in  Formula  (18,3)  must  be 
precisely  2,  which  can  be  proved  mathematically.  Therefore,  the  cor¬ 
rected  formula  of  M.  C-ensamer  must  have  the  following  form: 


0.5-4  . 


(18.4) 


The  specific  surface  of  the  phase  interface  in  lamellar  pearlite  is 
calculated  from  Formula  (l8.l),  using  the  value  found  for  the  actual 
interlamellar  distance,  A  O' 

11.  Gensamer'3  corrected  formula  (18,4)  has  been  used  by  A.  I, 
Gardin  in  an  extensive  structural  study  of  tho  products  of  isothermal 
decomposition  of  austenite,  including  highly  dispersed  products  [87, 
123],  Among  the  structures  investigated  under  tne  electron  microscope 
were  decomposition  products  with  the  magnitude  of  specific  surface 
reaching  25.OCC  mir^/nr."'  ,  for  which  the  actual  i.r.tcrlamellar  distance 
is  only  80CA.  Ever.  u..der  such  disadvantageous  conditions,  tlm  Formula 
(18,4)  was  quite  valid  and  the  method  reliable. 

Thus,  for  the  determination  of  the  specific  surface  of  the  phase 
interface  in  lamellar  pearlite  there  exists  simple  specific  methods 
verifiod  in  practice: 

1.  The  method  of  direct  measurement  of  interlamellar 
distance,  developed  by  N.  T,  Belaiew,  which  is  suit¬ 
able  for  relatively  coarse  lamellar  pearlite,  and 

2.  The  method  of  measuring  the  meat-,  length  of  the 
intercept  between  adjacent  platelets  of  cementite 

or.  a  straight  1  ne  intersecting  a  number  of  pearlite 
grains  With  differently  oriented  platelets. 

The  latter  method  was  developed  by  II.  Gensamer  and  his  associates,  and 
the  formula  used  for  calculating  the  ir.terplatelet  distance  has  been 
defined  by  us.  The  second  method  is  suitable  for  pearlite  of  any 
aispersity  but  requires  magnification  sufficient  for  resolving  the 
internal  structure  of  all  pearlite  grains. 

A  second  type  of  structure,  possessing  a  definite  geometrical 
regularity,  which  permits  the  application  of  special  methods  of  deter- 
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filiation  of  specific  surface,  is  a  structure  consisting  of  a  multitude 
of  microparticles  of  spherical  shapes  belonging  to  one  phase,  which 
microparticles  are  uniformly  distributed  through  the  volume  of  the 
second  phase  (matrix).  Typical  structures  of  this  type  are  granular 
pearlite  or  granular  cementite  in  ferrite,  the  structure  of  magnesium 
oast  iron  with  spheroidal  graphite  inclusions,  the  structure  of  stool 
containing  non-metallic  inclusions  of  spheroidal  shapes,  and  certain 
others. 

In  structures  containing  spheroidal  microparticles,  both  the 
total  number  of  particles  per  unit  volume  of  metal  and  their  size  dis¬ 
tribution  (with  respect  to  the  size  of  diameter)  may  be  calculated  by 
methods  presented  in  the  following  chapter.  In  the  case  where  we  know 
the  number  of  particles  of  each  size  per  unit  volume  of  netal,  the 
calculation  of  the  total  surface  of  microparticles  is  reduced  to  simple 
arithmetic.  However,  the  technique  of  determining  the  number  of 
microparticles  and  their  size  distribution  is  one  of  the  most  effort 
consuming  processes  of  quantitative  metallographic  analysis.  For 
this  reason,  it  is  not  reasible  to  use  this  technique  for  the  special 
purpose  of  determining  this  specific  surface,  particularly  since 
there  is  available  a  quite  simple  and  accurate  method,  the  method  of 
random  secants. 

Here  we  shall  consider  two  approximate  methods.  The  first  of 
these,  proposed  by  us,  is  based  on  the  assumption  that  all  spheroidal 
microparticles  are  of  equal  size  [12/}].  If  the  diameter  of  these 
microparticles  is  D  mm  and  their  number  ii.  1  irurH  is  H,  then  the  speci¬ 
fic  surface  of  microparticles  will  be: 

£5=7 T  H  nmVian  • 

(18.5) 

At  the  same  time  the  total  volume  of  all  microparticles  in  1  i:m  , 
i.  e.,  the  fraction  of  the  volume  of  alloy  occupied  by  them,  will  bo 
defined  by  the  quantity: 


(18.6) 
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By  simultaneous  solution  of  Formulas  (18.5)  and  (18,6)  we  derive: 

-  0  6£V  2,  3 

®  (18.7) 

The  fraction  of  the  alloy  volume  occupied  by  the  phase  consisting 
of  spheroidal  microparticles,  may  be  determined  directly  by  one  of 
the  methods  of  stereometric  metallography  presented  in  Chapter  2. 

If  this  phase  is  cementite  or  graphite,  then  its  volumetric  content 
may  be  readily  calculated  from  the  data  of  chemical  analyses,  as  de¬ 
scribed  in  Section  17.  The  diameter  of  spheroidal  microparticles  of 
equal  size  may  be  determined  directly  on  the  r.icrosect ion ,  for  the 
section  diameter  of  maximum  size  is,  of  course,  the  actual  diameter  of 
the  volumetric  microparticles.  Having  obtained  the  values  of  both 
quantities  found  in  Formula  (if-, 7),  by  the  method,  described,  it  is 
possible  also  to  calculate  the  value  of  the  specific  surface. 

The  number  of  sections  of  microparticles  per  unit  area  of  the 
microsection,  n,  may  be  substituted  into  Formula  (17,7}  for  the 
diameter  of  microparticles  of  equal  size.  For  this  purpose  we  shall 
use  the  expression  which  correlates  the  diameter  of  spheroidal  micro¬ 
particles  of  equal  size,  D,  and  their  number  per  unit  volume,  N,  and 
the  number  of  sections  per  unit  area,  n: 

n  =  DM. 

(18.8) 

Having  squared  both  sides  of  equation  (18, 5),  by  means  of  simple 
conversions  which  taxe  into  account  relationship  (18,8),  we  derive: 

2  S  =  VG  n  V  =  4. 34  V n  V  . 

(18.9) 

Consequently,  on  the  assumption  of  equal  size  of  all  spheroidal 
microparticles  of  a  giver  phase,  we  derive  Formulas  ( 1 3 , 7 )  and  18,9) 
for  the  calculation  of  the  specific  surface  of  this  phase.  This  does 
not  account  for  fluctuations  in  article  size,  Therefore  from 
Formulas  (18.7)  ana  18.9)  we  derive  approximate  and  always  high  values. 

Another  type  of  approximate  formula  for  the  calculation  of  the 
specific  surface  (as  applied  to  granular  cementite)  was  proposed  y 

If  the  total  volume  .  f  all  spheroidal 


L.  "’JAshteyn  [l2p,  126], 


microparticles  of  a  given  phase  per  unit  volume  of  the  alio;-  is  51V, 
and  their  number  is  K,  then  the  mean  volume  of  an  individual  micro¬ 
particle  will  he 


V  = 


(18.10) 


The  surface  of  an  individual  microparticle  may  be  expressed  by  its 
volume  and  diameter  in  the  following  fashion, 
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and,  consequently,  the  total  surface  of  all  microparticles  in  the  unit 
volume  of  the  alloy  will  be 


£3  .  SIT  =  V 
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Applying  t!ie  precise  calculation  of  the  total  number  of  micro¬ 
particles  and  their  distribution  by  the  complex  method  of  E.  Schoil, 
1.  L,  Mirkin  showed  in  one  of  his  papers  that  the  mean  diameter  d  of 
sections  of  spheroidal  microparticles,  measured  or.  the  plane  of  the 
raicrose  :tion,  may  be  substituted  for  the  value  of  the  diameter  of  the 
volumetric  microparticles,  D,  in  Formula  (l8.8).  This  substitution, 
according  to  I.  L.  Mirkin,  introduces  ar.  error  which  does  not  exceed 
7  per  cent  [127 ], 

Replacing  the  diameter  of  volumetric  microparticles,  D,  by  the 
mean  diameter  of  their  cross  sections,  d,  we  finally  derive  the  ap¬ 
proximate  formula  of  S,  Z.  Bokshteyn: 


£3 
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The  formula  of  S,  Z.  Boksnteyn  also  produces  high  values  of  the 
specific  surface.  Accounting  for  '.he  fluctuation  ?f  sise  of  volumet¬ 
ric  grains,  the  formula  (18,13)  would  appear  as: 


where  §>  is 
of  voiur.fi  tr 
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the  ratio  of  the  root-mean- square  deviation  of  •.he  diameter 
:  :.rr  opart  icier.,  <3~jpJ  «  *  heir  rear,  diameter,  D. 


This  ratio  for-  ordinary  structures  quite  frequently  varies  between 
0.2  and  0.5.  The  correction  coefficient  for  S.  Z,  dokshteyn's  formula 
(18.13)  has  the  following  values,  depending  upon  the  value  of  o  [in 
agreement  with  Formula  (13,14)]: 


0 

0.785 

0.1 

0.778 

0.2 

0.756 

0.3 

0.720 

0.4 

0.677 

0.5 

0.628 

0.6 

0.577 

Moreover,  there  is  a  formula  which  was  used  by  L,  S,  Loroz  in 
his  studies  to  calculate  the  total  surface  of  spheroidal  grains  of  a 
carbide  phase  [12’’]: 


£S  =  1.68 


(13.15 ) 


in  v.'hich  is  equal  to  the  ratio  of  total  volume  of  carbides  per  unit 
volume  of  steel  to  the  carbon  content  of  the  carbide  in  weight  per 
cent,  6.68. 

All  of  the  approximate  formulas  include  some  two  parameters,  the 
values  of  which  must  be  found  experimentally.  Therefore,  it  should 
be  remembered  that  the  simpler  and  more  accurate  method  for  the  deter¬ 
mination  of  the  specific  surface  is  the  me  Urol  of  random  se  aits. 
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Section  19.  Approximate  Methods  for  Determining  tie  Specific  Surface 
of  Polyhedral  Structures 

TLc  first  attempt  to  determine  experiment  all*.*  the  magnitude  of 
the  specific  surface  of  crystal! ites  of  a  sing! e -phase  polyht?d?'s]  struc¬ 
ture  was  made  by  I,  P,  Lipilin  in  1937  [129].  The  aim  of  I.  ?.  Lip- 
ilin’s  studies,  for  which  he  developed  his  method,  was  to  determine 
the  influence  of  the  magnitude  of  the  specific  surface  of  austenite 
grains  or.  the  isothermal  decomposition  time.  I.  F.  Lipilin* s  reason¬ 
ing  was  based  on  the  assumption  that  the  unknown  quantity  of  the  grain 
surface  per  unit  volume  of  steel  is  directly  proportional  to  the 
length  of  grain  boundaries  per  unit  area  of  polish.  7his  assumption, 
quite  valid  in  the  case  of  equiaxed  grains,  is  accepted  by  I.  P. 

Lipilin  without  any  proof,  as  we  shall  see  later.  The  length  of  boun¬ 
dary  line,  which  could  be  measured  experimentally  and  directly  (for 
example  with  the  aid  of  a  curvimeter  from  the  photomicrograph),  was 
determined  by  I.  P.  Lipilin  indirectly  from  the  number  of  planar 
grains  per  unit  area  of  polish. 

If  various  isoonal  grids  are  examined  on  a  plane,  that  is,  grids 
constructed  from  figures  (or  groups  of  figures),  which  are  equivalent 
and  identical,  with  respect  to  shape,  then  for  Htc  general  case  the 
total  linear  extent  of  parirnsters  of  these  figures  per  unit  area, 

£?,  arid  the  number  of  plane  figures  on  the  same  area,  are  related 
by  an  equation  of  the  following  type: 

£  ?  =  a  yr  ,  (19.1) 

where  tne  coefficient  a  is  dependent  orly  upon  the  ..nape  of  the  figures 
cc..ctiv.iir.g  the  grid.  Par  exa  .pie,  for  an  i  sooi  a1  grid,  consisthg 
•f  regular  and  equivalent  ‘riangles,  tl  in  n  'effijic:  t  is  1,8',  For 
a  gri~  jf  identical  squares,  lain  coefficient  is  2.0C  and  for  a  grid 
of  regular  hexagons  it  is  2.29. 

for  his  calculation,  I.  P,  Lipilin  arbitrarily  assumes  that  the 
neofficier.t  a  is  2  sin  that  ‘he  number  r.  i>  each  inlivldual  case  is 
eq-n'  ‘he  actual  nun1,  er  f  austenite  grains  per  u:.i  area  of  polish. 
Consr-q  ;er.tly,  it  is  not  'no  specific  surface  of  austenite  graii  s  tha  1 
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is  determined  by  the  method,  accepted  by  I.  F.  Lipilin,  cut  a  value 
which  is  proportional  to  it,  the  total  perimeter  of  plane  grains  per 
w.it  area  of  polish.  Moreover,  substituting  the  calculation  from 
Formula  (19. l)  for  the  direct  measurement  of  this  perimeter,  the  author 
of  this  method  disregards  a  number  of  factors  which  essentially  affect 
the  value  of  the  specific  surface,  such  as  the  difference  in  the  cur¬ 
vature  of  grain  surfaces  and  the  degree  of  variation  of  their  size 
within  the  volume  of  steel  subject  to  investigation.  At  the  same  tine, 
iii  different  specimens  of  steel  with  the  same  size  of  planar  grain, 
the  values  of  specific  grain  surfaces  may  differ  precisely  due  to  the 
difference  in  the  aforementioned  quantities  which  the  method  does  not 
consider. 

Nevertheless,  I.  P.  Lipilin  succeeded  in  establishing  the  fact 
that  the  rate  of  austenite  decomposition  is  a  linear  function  of  the 
length  of  grain  boundaries  per  unit  area  of  polish  and,  consequently, 
a  linear  function  of  the  value  of  specific  grain  surface  of  austenite, 
proportional  to  it.  It  should  also  be  noted  that  Uio  value  of  the  co¬ 
efficient  in  Formula  (19.1),  chosen  by  I.  P.  Lipilin,  is  quite  close  to 
the  mean  vaii.e  which  is  usually  observed.  However,  generally  speak¬ 
ing,  thi s  coefficient  is  not  a  constant  value  but  in  dependent  upon 
the  aforementioned  factors. 

Sometime  after  publication  of  the  paper  by  I,  P,  Lipilin, 
Rutherford,  Aborr.  and  Bain  published  their  studies.  Their  aim  was 
also  to  determine  the  quantitative  relationship  between  the  parameters 
of  plane  and  spatial  structures,  specifically,  the  specific  grain 
surface.  These  studies  differ  in  principle  from  Lipilin1 3  work  in 
that  'he  authors  assumed  the  crystallites  to  have  equivalent  and  geo¬ 
metrically’-  regular  bodies,  which  differs  from  the  real  structure  of 
metals  [57 j.  There  are  known  five  geometrically  regular  bodies,  shown 
in  Figure  47,  which  are  capable  of  completely  filling  space.  Of  these 
the  authors  investigated  the  cubic  octahedron  with  14  faces  of  which 
8  are  regular  hexagons  and  6  are  squares  (see  Figure  4'7e).  ,ili  edges 
of  the  cubic  octahedron  are  equal.  According  to  the  data  of  '.7.  Melvin, 
the  cubic  oc4ahedron  with  14  faces  is  a  body  which  has  a  minimum 


surface  for  a  giver,  volume  (among  the  bodies  v/hich  fill  the  space). 

For  this  reason,  the  authors  assume  that  in  a  state  of  equilibrium 
the  crystallites  of  metals  precisely  conform  to  the  shape  of  a  14-face 
cubic  octahedron.  This  has  been  confirmed  by  the  observation  accord¬ 
ing  to  which  the  crystallites  of  thoroughly  annealed  metals  have  9  to 
19  faces;  on  an  average  about  14  faces. 


Fig.  47.  Geometrically  regular  bodies,  capable  of  completely  filling 
space. 

A  cube  B  hexagonal  prism  C  rhombic  dodecahedron  D  elongated  dodecahedron 
E  cubic  octahedron 


fifferent  sections  of  a  geometrically  regular  body  are  examined 
for  '  he  possibilities  of  obtaining  polygons,  ’..111.  different  numbers 
f  angles,  02.  a  plane.  The  authors  also  calculate  the  mean  area  of  a 
section  of  cubic  octahedron  and  after  that  equate  it  to  the  area  of 
grains  corresponding  to  different  numbers  of  the  standard  ASTM  grain 
size  scale.  Values  of  specific  surface  of  equivalent  cubic  octahedrons 
are  calculated  respectively  for  each  number  of  the  grain  size.  They 
are  listed  in  Table  21.  It  is  possible  to  agree  with  a  choice  of  a 
cubic  octahedron  as  an  idealized  shape  of  a  crystallite,  since  actually 
the  mean  number  of  faces,  separated  from  the  metal  aggregate  of  cry¬ 
stallites,  is  close  to  14  (see  for  example  Figure  [}•)>  However,  in 
reality  the  crystallites  are  r.oi  equivalent  arid,  moreover,  have  cur¬ 
vilinear  edges  and  faces  with  different  curvature.  Therefore,  these 
assumptions  reduce  the  method  and  t..e  results,  calculated  oy  it,  to 
an  extremely  tentative  state. 
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Table  21 


In  1936,  Kaiser  [45]  calculated  the  limiting  value  of  the  specifi 
surface.  Kaiser's  calculations  are  based  or:  Ya.  S.  Fedorov's  notions 
that  in  approximation  polycrystals  may  be  regarded  as  a  system  of 
equivalent  polyhedrons,  closely  packed  in  sp>aoe,  Kaiser  considers 
four  basic  types  of  polyhedrons  which  can  fill  space:  a  cube,  a  hex¬ 
agonal  prism,  a  rhombic  dodecahedron,  ar.d  a  cubic  octahedron.  For 
all  types  of  polyhedrons,  Kaiser  determines  the  specific  grain  surface 
as  a  function  of  the  number  of  grains  (olyhedrons )  per  ur.it  volume: 

,  (19.2) 

where  the  coefficient  is  dependent  on  the  type  of  the  polyhedron, 

which  we  assume  to  be  the  shape  of  metal  crystallites.  According  to 

Kaiser,  the  coefficient  has  the  following  values: 

For  the  cube  3.000 

For  the  hexagonal  prism  2.866 

For  the  rhombic  dodecahedron  2,673 

For  the  cubic  octahedron  2,659 

Inasmuch  as  Formula  (19.2)  defines  the  specific  surface  through 

the  quantity  ”  (the  number  of  crystallites  per  unit  volume  of  metal), 

which  is  unknown  to  us,  Kaiser  carries  his  calculations  only  for  the 

limiting  case,  assuming  that  the  minimum  possible  crystallite  size  is 

of  the  same  order  as  the  block  size  of  mosaic  structure.  Accepting, 

as  it  is  assumed  by  Kaiser,  that  the  order  0?  volume  of  .1  mosaic  Hook 
-l1  3 

is  10  nr;'  and  that  accordingly  the  number  of  blocks  per  unit  volume 

1  10^,  v.c  fii  d  the  limiting  values  of  the  ;ecific  surface  ranging  be 
tween  12,3000  car.  /mrrk  (for  a  cubic,  octahedron)  tc  13,900  u.-i'/mm  (for 
a  cube).  As  has  been  calculate:*  by  Kolvin,  the  minimum  surface  of 
equivalent  crystallites  corresponds  to  the  shape  of  a  cubit;  octahedron. 
If  the  shape  of  microparticles  differs  from  equiaxed,  the  limiting 
values  of  the  specific  surface  may  be  considerably  higher  than  those 
calculated.  For  example,  we  have  already  mentioned  that  the  specific 
area  of  the  interfacial  surface  of  lamellar  pearlite  lias  boon  exper¬ 
imentally  measured  to  be  25,OCO  rrw.^/mn ^ . 

The  desire  to  approach  the  real  structural  shapes  of  polycry- 
stalliue  metallic  aggregates ,  prompted  sc. .3  i:  vestige  tors  aha  :or 

/fO 


the  assumption  of  the  equal  size  ar.d  identical  shape  of  all  its  con¬ 
stituent  crystallites.  D.  Keijering  determined  analytically  the  para¬ 
meters  of  the  spatial  structure  of  a  metal  polycrystal,  which  is  formed 
by  means  of  simultaneously  commencing  growth  of  all  crystallites  at  an 
equal  and  constant  rate  of  growth  in  all  directions  (spherical  n  syngene 
of  growth),  with  the  centers  of  crystallization  randomly  arranged  in 
the  volume  [I30j.  For  the  specific  surface  area,  he  derived  the  fol¬ 
lowing  relationship  as  a  function  of  the  number  of  crystallites  per 
unit  volume  (or  the  number  of  centers  of  crystallization): 


£S  =  2.91  i/T  .  (19.3) 

Other  conditions  for  the  formation  of  a  polycrystalline  structure 
have  been  considered  by  Johnson  and  Mehl,  The  authors'  reasoning  is 


based  on  the  postulate  that  crystallites  grow  from  centers  which 
nucleate  gradually  and  uniformly  in  time,  at  a  rate  constant  the 
entire  process  at  a  spherical  s.ynger.e  of  growth.  If  the  nucleation 
rate  of  crystallisation  centers  is  a  cm-^  sec-1,  and  the  linear  growth 
rate  is  v  cm  sec-1,  then  the  final  nun, her  of  crystallites  per  unit 
volume  can  be  determined  from  the  formula  [I30]s 


N  =  0.8960 


(19.4) 


and  the  specific  interfacial  area  of  crystallites  will  be: 


(19.5) 


From  these  two  formulas,  eliminating  the  value  of  crystalliza¬ 


tion  parameters,  we  find  the  relationship  between  the  specific  area  and 


the  number  of  crystallites  per  unit  volume  of  metal: 


25  =  2.572  VT  .  (19.6) 

The  conditions  for  the  formation  of  a  polycry stall ice  aggregate,  ac¬ 
cepted  in  D,  lleijering's  model,  as  well  as  in  calculations  of  Vi. 
Johnson  and  R.  F.  liehl ,  do  not  correspond  to  the  real  course  of  the 
process.  Although  the  growth  cf  crystallites  does  commence  practi¬ 
cally  simultaneously,  as  is  assume:  by  D,  Meijering,  the  procn  of 


/?/ 


crystallite  impingement,  which  has  not  bear,  reflected  in  any  of  the 
corsidered  schemes,  conniences  simultaneously  with  the  crystallite 
growth  and  continues  to  the  and  of  crystallization  (and  under  certain 
conditions  even  after  it). 

nevertheless,  from  a  comparison  of  the  coefficients  of  Formulas 
(19.6),  and  (19.2)  for  the  case  of  the  cubic  octahedron,  it  follov/s 
that  for  a  given  number  of  crystallites  per  unit  volume  none  of  the 
polycrystalline  aggregates  with  equivalent  grains  have  a  minimum 
specific  area  and,  consequently ,  a  maximum  thermodynamic  stability. 


Section  20,  The  Method  of  Random  Secants  or.  a  Plane,  Isometric 


Systems  of  Lines  on  a  Plane,  and  Determination  of  Their 
Lengths 


The  method  of  random  secants,  developed  by  us  in  1945  [5$,  131 » 

59],  is  a  universal  method  of  direct  determination  of  actual  specific 
surface  of  grains,  phases  and  structural  components  by  means  of  measure¬ 
ments  carried  out  upon  a  flat  section  (microsection).  In  this  case, 
no  assumptions  of  any  kind  are  made  on  the  shape  and  disposition  of  boun¬ 
dary  surfaces  in  space,  as  it  was  done  in  methods  reviewed  in  Section 
19;  a  true  interface  is  measured  just  as  it  is  in  reality.  The  meas¬ 
urement  of  the  total  length  of  a  system  of  lines  per  unit  area  of  the 
plane  upon  which  they  are  located.  The  measurement  of  the  specific 
surface  is  carried  out  by  the  method  of  random  secants  in  space  and 
the  specific  length  of  lines  in  a  plane  is  measured  by  the  method  of 
random  secants  in  a  plane. 

In  two-dimensional  and  three-dimensional  problems  it  is  necessary 
to  do  identical  measurements  on  a  plane.  However,  operations  carried 
out  within  a  two-dimensional  problem  are  more  illustrative  and  the 
results  obtained  may  be  directly  verified  by  other  methods  of  measure¬ 
ment,  which  cannot  be  done  in  a  thr-;— -dimensional  variant.  For  this 
reason,  we  start  the  description  of  t lie  method  by  describing  its  ap¬ 
plication  between  the  solution  of  a  two-dimensional  problem  and  after 
that  we  shall  consider  a  problem  for  space. 

We  shall  begin  the  analysis  with  an  isometric  system  of  lines; 
i.  e.,  a  system  of  lines  cn  a  plane  such  that  the  properties  are  iden¬ 
tical  in  any  direction.  Boundary  lines  of  cementite  and  ferrite  in 
the  structure  of  granular  pearlite  may  serve  as  examples  of  such 
systems  on  a  plane  called  a  microsection;  also,  lines  which  separate 
the  graphite  constituent  and  metal  base  in  cast  irons  with  laminar  or 
globular  graphite,  boundary  linos  of  grains  of  a  single-phase  poly¬ 
hedral  s+ruciure,  etc.  It  is  not  important  whether  tho  lines  of  a 
s  stem  form  bound  contours  on  a  plane  (just  as  in  the  first  two  ex¬ 
amples)  or  appear  as  a  continuous  grid  without  breaks  in  it,  as  or.  the 
case  of  the  polyhedral  3trusture  of  a  pure  metal  or  a  solid  solution, 


which  structure  consists  of  equiaxed  flat  grains.  The  system  will 
be  isometric  if  separate  groups  of  lines  in  it  have  a  definito  direc¬ 
tivity  and  it  is  not  duplicated  in  other  groups  of  lines.  For  example, 
in  the  structure  of  lamellar  pearlite  on  a  plane  of  a  microsection, 
lines  which  separate  the  cementite  and  ferrite  phases  have  a  strict 
directivity  to  each  individual  grain.  However,  this  directivity 
differs  for  each  individual  grain  of  pearlite  and,  if  we  are  to  examine 
a  sufficiently  large  group  of  lamellar  pearlite  grains,  that  is,  its 
structure  as  a  whole,  we  shall  find  no  definite  direction  in  which  the 
lino  of  platelets  division  are  preferentially  o-iented. 

The  notion  of  the  isometric  system  nay  be  characterized  in  a 
somewhat  different  way.  If  all  the  lines  of  the  system,  which  generally 
speaking  are  curves,  are  divided  into  infinitely  small  intercepts  of 
equal  length  and  all  intercepts  are  grouped  with  respect  to  their 
directivity,  then  it  will  happen  that  each  group  will  have  a  statis¬ 
tically  constant  number  of  intercepts. 

The  method  of  random  secants  on  a  plane  is  based  on  the  case  of 
geometrical  probability  of  intersecting  a  randomly  drawn  line  by  a 
system  of  lines  on  a  plane  (nonisoinetrie  case),  which  in  the  theory 
of  probability  is  known  as"Buffon's  needle  problem".  In  essence,  it 
consists  in  the  following, 

A  system  of  equally  spaced  lines,  with  the  distance  between  them 
a  are  drawn  or.  a  horizontal  plane.  An  intercept  of  a  straight  line 
("needle")  is  randomly  located  in  the  ruled  plane.  The  length  of  this 
intercept,  1,  is  smaller  than  the  distance  between  parallel  lines, 

1  4  a.  Jpeaking  of  random  location,  we  have  in  mine,  the  fact  that 
: he  middle  point  of  the  intercept  (tne  center  of  the  needle)  has  an 
equal  probability  of  being  at  any  distance  from  any  line  on  a  plane, 
and  any  angle  between  the  needle  and  the  direction  of  these  ^  ir.es  is 
equally  probable.  The  needle,  tossed  randomly  on  a  plane  as  described, 
nay  either  intersect  or  not  intersect  any  of  the  parallel  lines  on 
the  plane.  Inasmuch  as  the  needle  is  shorter  than  the  distance  between 
the  straight  lines,  a_,  it  cannot  simultaneously  intersect  more  than 
ore  straight  line  (figure  43). 


Thus,  as  a  result  of  one  random  toss  of  a  i:oeile,  we  can  demon¬ 
strate  either  the  facts  of  intersection  or  its  absence.  It  is  nec¬ 
essary  to  determine  the  probability  of  intersection  by  the  needle  with 
one  of  the  straight  lines  on  the  plane. 

In  the  theory  of  probability,  this  problem  is  solved  on  the  basis 
of  elementary  geometrical  considerations,  which  in  our  opinion  would 
be  superfluous  here  and  which  are  found  in  any  textbook  on  the  theory 
of  probability  [lOl],  The  probability  of  intersection  j s  defined  by 
the  formula: 

p  =  21/  77a  (20.1) 

If  the  number  of  repeated  tosses  of  the  needle  is  large,  the  number  of 
its  intersections  with  the  straight  lines  or.  the  plane  .v ill  be  defined 
by  the  equation: 


t1  =  pt  =  (21/7T  a  )t ,  (20.2) 

where  t  is  the  total  number  of  tosses  of  the  needle  on  the  plane, 

I-:  is  the  number  of  intersections  of  the  needle  with  the  straight 
lines  on  the  plane.  If  we  know  the  distance  between  the  parallel 
lines  or  the  plane,  a,  and  the  length  of  the  needle,  1,  then  the  va¬ 
lidity  of  formulae  (20.1)  may  be  confirmed  by  experimental  determina¬ 
tion  of  the  quantity  ~TT  found  in  the  formula,  by  repeated  tossing  of 
the  needle.  This  was  done  at  different  tines  by  several  experimenters. 


Table  22 
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The  absolute  deviation  of  experimentally  obtained  values  of  7J 
from  its  true  value  does  r.ot  exoeed  0.018,  that  is,  about  0.6  per  -out 
of  the  value  which  is  being  determined. 

Prom  the  viewpoint  of  the  theory  of  probability,  the  end  result 
is  independent  of  the  shape  and  location  of  lines  dravm  on  a  plane. 

The  location  of  lines  shown  in  Figure  43,  was  needed  to  obatin  the 
possibility  for  calculating  the  geometrical  probability  of  the  number 
of  intersections,  which  would  not  change  as  long  as  the  total  length 
of  line  per  u-.it  area  of  our  plane  remains  the  same. 


„  Diagram  for  Buffon's  proposition  "about  the  needle" 

Figure  •!  . 

It  is  equally  true  that  an  intercept  of  a  straight  line  (a  needle), 
which  is  placed  or.  a  plane,  may  be  replaced  oy  a  line  of  any  length 
or  curvature,  or  by  any  rigid  contour  being  rectilinear,  curvilinear, 
smooth  or  broker.,  bound  or  open;  it  is  absolutely  the  same. 

From  liquation  (20,2)  it  follows  that  the  mathematical  expe^^a™ 
tioi.  (LI.  S. )  of  the  number  of  intersections,  A,  when  tossing  on  a 
plane  with  a  system  of  parallel  equidistant  lines  (Figure  48),  a 
needle  with  length.  1  and  the  number  of  tosses  o.  the  needle  t,  is  equal 
to : 

M.  E.  (Z)  =  (21/77'a)t.  (20.3) 

When  a  rigid  contour  (or  any  other  straight  line)  the  length  of  which 
is  equal  L,  is  substituted  for  the  needle,  we  can  subdivide  the  former 
into  elementary  sections  of  length,  1  each.  According  to  the  law  of 
condition  of  probabiliJ y,  the  mathematical  expectation  of  the  number 
of  intersections  of  the  contour  with  the  straight  lines  on  a  plane  is 
dependent  only  upon  its  length  and  the  number  of  tosses  of  the  contour 


on  a  plane  (with  a  system  of  lines  or.  the  plane  being  the  same)  and 
will  be  defined  by  the  formula: 


LI.  E.  (Z)  =  2Lt/77'a 


(20.4) 


It  is  obvious  that  the  product  Lt  is  equal  to  the  total  length  of  lines 
intersecting  the  system  of  lir.es  on  a  plane  for  any  nun, her  of  tosses 
on  it  of  a  rigid  contour  or  any  other  line  of  length  L,  Here  and  fur¬ 
ther  in  this  article  we  shall  designate  as  m  the  lumber  of  intersec- 
tiojjo  xjcr  unit  of  the  total  lengths  of  the  contour  (or  generally 
speaking,  by  any  lines,  which  '..’3  shall  call  random  secants)  of  lines 
drawn  on  a  plane  by  lines  of  the  rigid  contour  (i.  e, ,  per  unit  length 
of  secants).  In  this  case,  this  number  will  be  defined  by  the  formula: 


n  =  =  _L 

Lt  77  a 


(20.5) 


It  should  be  noted  that  in  all  formulas  presented  above  the  value 
l/a  is  the  total  length  of  parallel  lines  drawn  on  a  plane  divided  by 
unit  area,  i.  e.,  the  specific  length  of  lines  on  a  plane.  Actually, 
if  a  square,  the  side  and  the  area  of  which  equal  unity,  is  isolated 
on  a  plane,  and  two  sides  of  the  square  are  parallel  to  the  grid  of 
lines  drawn  on  a  plane,  then  the  length  of  each  intercept  of  these 
lines  found  within  the  square  will  be  equal  to  unity  and  their  number 
within  the  square  will  be  equal  to  l/a.  The  number  of  intercepts, 
other  conditions  being  equal,  is  determined  only  by  the  total  length 
of  the  lines  of  the  system  per  unit  area,  which  is  also  equal  to  l/a, 
and  v/hich  further  in  this  article  v/e  shall  designate  as  ^  P  (the  total 
perimeter  of  lines  per  unit  area  measured  in  min/  mm2).  On  the  basis  of 
the  aforesaid,  we  can  rewrite  formula  (20.5)  as  follows: 


=  (2/ 77)  £P  -  0.633'' 


(20.6) 


Correspondingly,  the  total  length  of  the  lines  of  the  system  per  unit 
area  will  be  defined  by  the  formula  which  further  ir.  this  article  we 
shall  call  the  basic  formula  of  the  method  of  random  secants  for  a 


£P  =  -2-  m  =  1,571m 


(20.7) 


For  the  actual  number  of  intersections  of  the  lines  of  a  system  on 
a  plane  by  secants,  we  shall  take  with  respect  to  limr.  of  the  total  length 
of  all  secants.  For  this  reason,  the  average  number  m  of  intersections 
per  unit  length  of  the  secants,  obtains  the  dimension  of  nun--*-,  The 
total  length  of  a  system  of  any  lines  on  the  plane  of  a  microsection  per 
unit  of  its  area  is  measured  in  ram/nun  ,  that  is,  it  has  the  same  dimen¬ 
sionality  as  the  number  m.  Values  and  m  do  not  have  to  be  neces¬ 
sarily  expressed  in  millimeters.  However,  the  unit  measurements  of  these 
two  values  must  be  identical,  '.'.lien  taking  measurements  on  photomicro¬ 
graphs,  it  is  necessary  to  consider  the  actual  linear  magnification. 

Let  us  derive  the  basic  formula  of  the  method  of  random  secants 
for  a  plane. 

duiapfV-tUjS/lrf 

Let  a  secant  possess  a  certain  small  width  j/\  ,  that  is, 

let  us  consider  the  large  number  of  extremely  narrow  bands  of  equal 

widths  i  instead  of  secants  or.  a  microseotion.  The  location  of  these 

narrow  bands  is  absolutely  random  but  statistically  uniform  over  the 

entire  area  of  the  microcaction.  They  are  directed  randomly,  that  is  in 

such  a  manner  that  ur.y  direction  of  a  baud  is  equally  probable.  Let 

us  designate  the  total  length  of  all  bands  as  L. .  Inasmuch  as  their  width 

is  equal  to  ,  the  total  area  of  the  microseotion  covered  by  the  band, 

will  be  equal  to  L  A  ,  In  this  case  we  are  ignoring;  those  sections  of 

the  microseotion  in  which  bands  are  superimposed,  since  the  areas  of 

2 

the  sections  are  insignificantly  small  of  the  order  of  and  are 

numbered  as  finite  and  relatively  small. 

By  intersecting  the  lines  of  grain  boundaries  (or  some  other 
microparticles),  the  bands  form  intercepts  these  lines  which  we  car.  ac¬ 
cept  as  straight,  inasmuch  as  the  width  of  bands,  Z\ ,  is  disappearingly 
small,  '..her,  in  the  limit  this  v/idth  becomes  zero,  the  band  itself  would 
transform  into  lines,  secants.  If  the  acute  angle  formed  by  the  direction 
of  bands  and  lines  of  grain  boundaries,  which  they  intersect,  are  desig¬ 
nated  as  q'  i,  0^2,  o'y"  >  &n<^  the  length  of  intercept  on  the  lines  of 
grain  boundaries  aro  as  A-,,  Aoi  respectively,  then  for  each 

of  the  intercepts  it  is  possible  to  write  an  equation  of  the  type: 


(20.8) 


4  =  ,  sind  i. 

For  this  reason  the  total  length  of  all  intercepts  per  xir.it  area  of  the 

microsection  will  he  called  :  -z. 

£X/lA  =  (i/L)  2  — 5— r- 

U  i=l  31  di  (20.9) 

Let  us  divide  and  multiply  the  right  half  of  the  latter  equation  hy  the 

number  of  all  intersections,  Z.  Here  we  take  into  consideration  the  fact 

that  the  ratio  z/L  at  a  large  number  of  intersections,  A,  ii.  Lie  limit  at 

*d  =  G,  is  equal  to  the  average  number  of  intersections  «>f  boundary  lines 

by  secants  per  ir.it  length  of  -he  latter,  that  is,  it  is  equal  to  the  mr.be 

and  the  ratio  C^/L/i  is  equal  to  the  total  length  of  boundary  lines 

per  unit  area  of  the  rcicrcsection,  that  is,  it  is  equal  to  Making 

appropriate  changes  j.n  the  formula  (20.9)  we  derive: 

Z 

5"  ----- 

^ - 1  R 1  >1  , 


- 


z  sIitst;  “ Am* 

i  =  i  i 


(20.10) 

The  quantity,  which  in  formulas  (20,10)  has  been  designated  as  A, 
is  the  average  value  of  the  reciprocal  of  cue  sine  of  the  angle  for 
all  possible  values  of  this  angle  on  the  plane  with  each  value  being 
equally  probable. 

Let  us  find  the  value  of  quantity  A  under  the  condition  of  equal 
probability  of  any  value  of  angle  within  the  limit  of  aero  to  /2. 

Let  us  take  a  circle,  the  diameter  of  which  is  equal  tc  unity,  and 
the  center  at  the  origin  of  rectangular  coordinates.  The  angle  between 
the  shifting  radius  of  the  circle  and  x  axis  wo  shall  designate  as 
The:;: 

y  =  sin  cl  =  ~yl  -  x2  ,  (20.11) 

ar.d  the  reciprocal  value  of  the  sine  of  angle  is  equal  to: 


1/ sin  d  =  1/  1  -  x2  . 


(20.12) 


The  unknown  quantity  A  is  equal  to  the  mathematical  expectation  of  tho 
function  (20.12)  with  x  varying  between  zero  and  unity.  For  this  reason, 
by  integrating  we  derive: 


A  =  0, 


sir*  PT 


dx  „  IT 

yrr-^  -  -?-■ 


/?? 


(20.13) 


By  inserting  the  thus  calculated  value  of  quantity  A  into  Equation  (20.10) 
v;e  have  the  basic  formula  of  the  method  of  random  secants  for  a  plane 
derived  analytically: 

£P  »  -fm  =  1.571  m. 

In  the  analytical  derivation  of  Formula  (20.7),  we  substituted 
bands  for  secants,  fee  width  of  the  bands  is  the  disappearingly  small 
width  ,  which  in  the  limit  becomes  zero  and  bands  become  secants.  Inr- 
asmuch  as  the  width  of  the  bands  is  disappearingly  small  and  approaches 
zero,  the  course  cf  the  proof  obviously  will  not  be  changed  if  curves, 
for  example,  rings  with  a  disappearingly  small  width  but  with  a  finite 
diameter,  are  substituted  for  straight  lines  (bands).  If  we  can  accept 
/\  0,  without  committing  an  error,  then  the  area  of  the  ring  is  equal 

to  the  length  of  its  circumference  multiplied  by  the  width  .  This 
assumption  would  not  change  the  end  result  nor  change  the  course  of  the 
proof.  Hence,  it  follows  that  secants  may  be  replaced  by  any  curves 
and  the  average  number  of  intersections  per  unit  of  their  length,  m,  is 
independent  of  the  shape  of  secants. 

It  is  very  important  to  note  a  very  important  prequisite  condition 
for  the  analytical  derivation:  of  Formula  (2C.7).  The  equal  probability 
of  all  possible  values  of  angle  ^  ,  i,  e.,  of  the  angle  at  which  the 
secant  intersects  the  line  of  the  system  which  has  been  measured.  The 
formula  is  not  applicable  if  this  condition  i.s  not  observed.  This  pre¬ 
requisite  condition  is  fulfilled  in  the  following  three  instances: 

a.  The  system  of  lines  on  a  plane  is  isometric.  Then  secants  may 
run  in  any  direction,  including  a  scries  of  usually  parallel 
straight  lines  disposed  at  any  angle, 

b.  The  system  of  lines  on  a  plane  is  not  isometric,  i.  o.,  the 
lines  have  a  definite  preferential  directivity,  but  secants  are 
randomly  located,  i,  e.,  all  directions  of  secants  are  equally 
probable . 

o.  The  system  of  lines  on  a  plane  is  isometric  at.d  directions  of 

are  random  and  any  of  these  directions  are  equally  probable. 

loo 


secants 


In  practice,  it  is  frequently  convenient  to  use  a  circumference  or 
a  spiral  instead  of  a  striaghl  secant.  The  convenience  of  this  substi¬ 


tution.  consists  in  that  the  secant  conveniently  changes  its  direction 
with  respect  to  the  system  cf  lines  on  a  plane  and  for  this  reason  any 
angle  at  which  the  secant  intersects  the  lines  of  the  system  automat¬ 
ically  becomes  equally  probable,  even  in  the  case  when  the  location  of 
the  lines  on  the.  plane  is  not  random  (is  oriented)  but  have  a  certain 
directivity  (orientation). 

Nov  let  us  consider  cases  of  practical  application  of  the  method 
of  random  secants  on  a  plane  and  of  formula  (20,7).  An  ordinary  poly¬ 
hedral  structure  (ferrite)  is  shown  in  Figure  49 >  linear  magnification 
100,  which  completely  satisfies  the  notion  of  isometricity. 
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Table  23 

The  true  area  of  the  drawing,  that  is  on  the  plane  of  a  microsection 
(is  or.e  square  millimeter).  A  secant,  100  millimeters  long,  correspond¬ 
ing  to  -,i  true  length  of  1  millimeter  is  drawn  across  the  area.  This 
straight  line  intersects  the  grain  boundary  lines  at  3  points.  It  is 
apparent  that  the  number  of  intersections  may  be  somewhat  different  at 
different  positioning  of  tho  line.  However,  for  each  given  structure 
there  exists  a  definite  concrete  mean  value  of  the  number  of  intersec¬ 
tions,  which  is  dependent  upon  the  total  length  of  lines  per  unit  area. 

If  a  straight  line  is  randomly  drawn  across  Figure  49  a  large  number 
of  times,  each  time  recording  the  number  of  intersections  between  the 
straight  line  and  the  grain  boundaries  ir . ,  if  would  give  a  series  cf 
values  for  the  number  cf  intersects.  The  results  of  _ ;  "tossings" 
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Fig.  49.  Polyhedric  structure  and  random  secant  intersecting  boundary  lines 
at  8  points 

number  of  intersections 

Fig.  $0.  Curve  of  frequencies  of  the  nrnmfaammrii<inifamniiHniibi»t  by  the  random 
secant  with  the  boundary  lines  of  the  polyhedrons  of  Fig.  49 

are  shown  ir.  Table  23.  The  lines  were  disposed  across  the  area  of  the 
drawing  randomly  in  random  directions.  The  mean  number  of  intersec¬ 
tions  of  secants  and  boundary  lines,  according  to  tne  data  obtained,  is 
equal  to 

XL  fa m  =  1701  :  146  =  11.6  min"1 

Here  the  number  of  intersections,  m,  is  no  longer  a  random  value, 
which  it  is  when  tossing  a  needle.  At  a  sufficiently  high  total  number 
of  intersections,  the  number  m  a;  .coaches  a  quite  definite  quantity, 
tl'.o  value  of  which  follows  from  i\.  ;nula  (20.7).  Tho  frequency  curve 
for  the  number  of  intersections,  c  .structed  from  the  data  in  Table 
23,  is  shown  i.:  Figure  50.  It  is  a  typical  curve  of  statistical  dis¬ 
tribution,  Consequently,  the  value  of  m  may  be  determined  with  any 
accuracy  for  any  concrete  system  of  lines  on  a  ir.icroseotion.  This 
accuracy  is  dependent  upon  the  total  number  of  intersections  calculated 
ir.  '■■he  course  of  analyses.  It  is  obvious  that  this  number  is  propor¬ 
tional  to  the  total  length  of  secants.  For  this  reason,  the  accuracy 
for  each  given  structure  is  singularly  determined  by  a  length  of  the 
secant.  Ir.  the  example  considered,  above,  the  number  of  intersects 
was  1701  for  the  length  of  146  millimeters  (under  real  conditions,  on 
the  plane  of  the  ..icrosectior. ) ,  which  ..  apparent  ii  Table  2  j. 


If  the  value  of  the  mean  number  of  intersections  length 

of  secants,  in,  is  determined  with  required  accuracy,  we  further  find 
from  formula  (20.7)  the  total  length  of  ferrite  boundaries  per  unit- 
area  of  the  microsection: 

£Lfer  =  nl  =  1.571  .  11.6  -  18,2  mm/mm2  . 

Inasmuch  as  we  have  considered  the  secant  as  if  found  ir.  the  plane  of 
the  microsection  and  for  this  reason  have  assumed  its  length  equal  to 

1  millimeter  (accounting  for  the  magnification),  the  value  obtained  is 

0 

also  related  to  the  area  of  the  microsection,  that  is,  it  is  real.  In 
Figure  49,  the  length  of  the  secant  is  100  millimeters,  therefore,  the 
total  lengtn  of  lines  in  the  drawing  is  100  times  greater  than  the  cal¬ 
culated  or.e  and  is  1820  millimeters.  This  may  be  readily  verified  with 
the  aid  of  a  curvimeter. 


Fig.  51.  Circular  secants  intersecting  the  graphite  idimtammmm  of  grey  cast  iron 
In  order  to  use  a  circular  secant,  a  circle  is  marked  on  cello¬ 
phane  and  the  diameter  of  which  is  measured  as  accurately  as  possible. 
After  that,  the  cellophane  is  superimposed  on  the  drawing  or  micro¬ 
phot  ogi’aph  of  the  structure  which  is  being  analysed  and  the  number  of 
intersections  of  the  circumference  with  the  system,  cf  linos,  which  is 
of  interest  to  us,  is  calculated.  Calculations  are  repeated,  each 
time  shifting  the  circumference  over  the  photomicrograph. 

Calculations,  similar  to  the  one  described,  was  done  by  us  for  the 
structure  of  graphite  flakes  in  gray  cast  iron  ar.d  are  shown  in  Figure 
51,  ar.d  the  magnifi cation,  of  100,  the  aid  of  circular  secant  50  mm  ii 
diameter  or.  a  drawing  or  0.5  mm  in  diameter  on  a  microsection.  '7e 
wish  to  underline  the  !'act  that  in  this  ca:  c  we  calculated  precise1 
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the  number  of  intersected  flakes  ar.d  not  the  interface  boundaries 
"metal  base — graphite."  For  this  reason  in  our  further  calculations  we 
shall  derive  a  value  for  tne  total  length  of  cross  sections  of  graphite 
flakes  and  not  the  length  of  interface  boundaries  which  v/ill  he  approx¬ 
imately  twice  as  large  as  the  one  found. 

The  mean  number  of  intersections  of  the  circumference  and  cross 
sections  of  graphite  flakes,  on  the  drawing,  was  15.6,  the  number  of 
different  positions  of  the  circumference  being  170, 

Taking  into  consideration  the  fact  that  the  length  of  the  secant 
in  this  case  is  equal  to  the  perimeter  of  the  circumference,  the  real 
diameter  of  which  is  0.5mm,  we  find  the  mean  number  of  intersects  per 
1  mm  of  length  of  secants,  is 

m  =  =  10 *°  mm'1 

Further,  from  Formula  (20,7)  we  find  the  unknown  value  of  the  total 
length  of  cross  sections  of  graphite  flakes  per  ur.it  area  of  the  micro- 
oectior. : 

£1„  =  If-  m  =  1.571  .  10.0  =  15,71  mm/mm2  . 

In  order  to  determine  the  length  of  lines,  which  separate  the 
graphite  and  metal  base  in  cast  iron,  the  number  of  intersections  ob¬ 
tained  should  be  doubled.  Therefore,  the  total  length  of  boundary 

n 

lines  "metal  base  -  graphite"  will  be  31.42  mm/r.m  of  the  microsection. 

The  examples  considered  demonstrate  the  application  of  the  method 
of  random  secants  for  the  determination  of  the  length  of  lines  ori 
structural  sketches  or  photomicrographs.  For  a  structural  analysis 
directly  under  the  microscope,  which  in  practice  is  most  common,  one 
of  the  following  methods  is  used. 

3y  the  first  method,  one  field  after  another  of  the  structure  is 
examined  through  the  ocular-micrometer  (Figure  13)  and  the  number  of 
intersections  between  the  diameter  line  of  ocular  scale  and  lines  of 
xhe  structure,  which  is  of  interest  to  us,  is  calculated  in  each  field 
of  vision  in  the  microsection.  The  fields  of  vision  in  thin  case  must 


be  disposed  uniformly  over  the  field  of  the  microsection  and  should  en¬ 
compass  its  entire  area.  After  that,  having  determined  the  length  of 
the  image  of  the  ocular  scale  on  the  plane  of  the  microsection,  /\  i) 
mm,  with  the  aid  of  the  object-micrometer,  and  knowing  the  of  fields 
of  vision,  Z,  which  have  been  examined  in  the  course  of  the  analyses, 
we  find  the  total  length  of  secants,  /\  Z.  After  that,  the  total  number 
cf  intersections  calculated  for  all  examined  fields  of  vision,  is 
divided  by  Z  and  the  mean  number  of  intersects  per  1  mm  of  secants, 

m,  is  obtained.  Further,  from  Formula  (20,7)  the  specific  length  of 
boundary  lines  on  the  microsection  is  calculated. 

By  the  second  method,  the  structure  is  examined  through  the  ocular 
with  a  cross  hair.  By  continually  shifting  the  microsection  along  a 
straight  line,  using  the  micrometer  screw  of  the  carriage  on  the  micro¬ 
scope  stage,  we  simultaneously  calculate  (in  the  head  or  'with  the  aid 
of  an  ordinary  counter)  the  number  of  times  the  boundary  lines,  which 
are  of  interest  to  us,  pass  the  point  of  the  cross  hair  of  the  ocular. 
Having  completed  the  examination  along  one  line  of  one  edge  of  the  micro¬ 
section  to  another,  tiie  length  of  the  path,  recorded  by  this  3cale  and 
by  the  head  of  the  micrometer  screw,  is  jotted  down  and  the  operation 
is  repeated  along  the  second  line,  etc.  Thus,  the  examination 
uniformly  encompasses  the  entire  area  of  the  microsection.  Having  di¬ 
vided  the  total  number  of  intersects,  calculated  for  the  entire  analyses, 
by  the  total  length  of  microsection  displacement,  wo  derive  the  number 

n,  after  which  we  calculate  the  specific  length  of  boundary  lines  or. 
the  microsection  from  (2C.7). 

By  the  third  method,  a  straight  line,  a  circumference ,  or  a  spiral 
is  marked  ot.  line  c round  glass  of  the  microscope  camera 
and  the  determination  is  carried  out  in  the  same  manner  as  on  a  photo¬ 
micrograph  cr  a  sketch. 

From  the  examples  described,  it  is  possible  to  compute  that  the 
method  of  random  secants  is  one  of  the  least  effort  consuming  methods 
among  other  methods  of  stereometric  metallography.  Of  the  methods  con¬ 
sidered  above,  the  second  method,  vh: *"h  is  reduced  to  a  simple  dis¬ 
placement  cf  L  e  microsection  and  simultaneous  calc  latio;.  of  the 


number  of  intersects,  is  the  most  effective.  Calculations  may  be  car¬ 
ried  on  at  a  rate  of  an  ordinary  oral  count,  V.lien  using  a  counter, 
they  may  be  even  more  rapid.  In  one  minute  it  is  possible  to  record 
100  to  120  intersections.  For  this  reason,  an  analysis,  for  example, 
of  1,000  points,  takes  up  only  about  10  minutes.  As  we  have  already 
mentioned,  the  total  number  of  intersections  obtained  during  the 
analysis  determines  the  accuracy  of  the  obtained  results.  A  technique 
for  choosing  the  required  number  of  intersections,  varying  with  require¬ 
ments  of  precision  and  reliability  of  the  analysis  by  the  method  of 
random  secants,  will  be  presented  further  in  this  article, 


Section  21.  Nonisometrio  Systems  of  Lines  on  a  Plane  and  Their 


Characteristics 

The  systems  of  boundary  lines,  which  separate  the 

of  microparticles  on  a  plane  of  microsections  and  which 
jsa/u. 

served  in  alloys  and  ^  ,  are  far  from  being  always  isometric. 

Cold  plastic  deformation  of  metal  and  frequently  hot  deformation  at 
sufficiently  temperature,  (of  directed  crystallization)  transcrystal¬ 
lization  (certain  other  causes  are  responsible  for  the  presence  of 
certain  preferential  directivity  or  orientation  of  boundary  lines  on 
a  plane.  In  contrast  to  isometric  systems,  these  systems  of  lines  we 
shall  call  oriented.  Moreover,  systems  may  be  completely  oriented  or 
oriented  only  partially.  If  lines  of  an  oriented  system  are  divided 
into  elementary  sections  of  a  very  small  but  equal  length,  which  we 
shall  assume  to  be  straight,  then  it  may  happen  that  all  sections  are 
parallel  to  one  or  several  definite  lines  which  we  shall  call  the 
orientation  axes  of  a  system  of  lines  on  a  plane.  In  this  case,  a 
system  of  lines  is  regarded  as  completely  oriented  on  one  or  in  several 
directions,  that  is  along  one  or  several  orientation  axes. 

Several  different  variants  of  completely  oriented  systems  of  lines, 
having  or.e  orientation  axes,  are  schematically  drawn  in  Figure  52.  In 
this  case  all  lines  are  usually  parallel,  which  is  the  only  condition 
which  defines  a  system  as  completely  oriented  with  or.e  axis.  The 
lines  themselves  may  be  continuous  or  interrupted  ana  the  distance 
between  parallel  lines  may  be  either  constant  or  not  constant.  One 
type  of  a  completely  oriented  system  of  lines  with  the  one  orientation 
axes  is,  specifically,  a  system  of  equidistant  parallel  straight  lines, 
shown  in  Figure  4 
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Among  the  structural  elements  of  metal  alloys,  the  case  of  the 
complete  orientation  where  one  axis  has  been  observed  relatively  in¬ 
frequently.  For  example,  usually  parallel  rectilinear  fine  fibers  of 
plastic  noruaetallic  inclusions,  elongated  by  rolling  or  drawing,  may 
be  cited.  They  may  be  observed  in  the  longitudinal  cross  section  of  a 
rod  or  wire. 

A  system  of  boundary  lines  of  nonmetallic  inclusions  A  free- 
cutting  steel  corresponds  almost  precisely  to  a  diagram  shown  in  Figure 
52C.  The  axes  of  a  rod  is  the  orientation  axis  in  such  structures. 

Another  type  of  complete  orientation  of  lines  on  a  plane,  with  two 
orientation  axes,  is  shown  schematically  in  Figure  53.  The  angle 
formed  by  the  orientation  axes  may  be  a  right  angle  or  an  acute  angle. 
The  distance  between  the  lines,  parallel  to  one  of  the  orientation  axes, 
may  be  constant  or  may  bary.  Lines  themselves  may  be  continuous  or 
interrupted.  In  this  case,  a  system  of  lines  may  be  regarded  as  con¬ 
sisting  of  two  completely  oriented  systems  with  one  orientation  axis 
(Figure  52)  which  a  r  esuperijrpo  s  .  in  such  a  manner  that  the  orienta¬ 
tion  axes  form  at  an  Angle. 

The  type  of  the  system  of  lines  oriented  in  two  directions  de¬ 
scribed  above,  has  been  observed  almost  in  its  pure  forn.  in  metal 
structures  in  individual  grains  during  their  rccrystallizatior.  when  the 
dendrite  axes  of  different  orders  form  a  definite  angle  in  the  plane  of 
the  microsectior..  Another  case  of  almost  complete  orientation  along 
two  usual  perpendicular  lines  may  be  observed  in  several  photomicro¬ 
graphs  in  Ya.  R.  Raucin  and  Sh.  R.  Zheleznyakova1 s  studies  [133]. 

Further,  let  us  consider  a  case  of  complete  orientation  along  three 
axes  disposed  at  an  angle  of  120  degrees  to  each  other.  The  regular 
geometrical  systems  of  lines  of  this  kind,  an  isogonal  grid  of  regular 
hexagons  deserves  attention.  It  was  used  by  a  laboratory  of  Timken 
plant  for  constructing  a  first  scale  for  the  grain  size  of  steel  [134]. 
Here  the  size  of  the  hexagons  that  appear  as  3  systems  of  equidistant, 
parallel,  interrupted  straight  lines,  which  are  3uperimp>osed  in  such  a 
way  that  the  crientatior.  axes  of  any  one  system  form  an  angle  of  120 
degrees  with  the  other  two  axes.  An  absolutely  similar  orientation  is 
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•f’i  .  33 EM.  Completely  oriented  system^of  lines 
of  ori'  nt-ation. 


plane  with  two  axes 


found  in  a  grid  constructed  from  regular  triangle.  It  differs  from 
the  preceding  or.e  in  that  the  lines  which  form  it  are  continuous.  The 
length  of  lines  are  oriented  in  three  directions,  is  the  same  with  both 
of  these  systems  shown  in  Figures  54A  and  B,  At  the  same  time,  with 
the  number  of  orientation  axes  exceeding  one,  there  is  always  a  pos¬ 
sibility  of  a  relatively  greater  length  of  lines  in  one  or  several 
directions  than  it  other  directions.  Generally  speaking,  a  different 
degree  of  orientation  is  possible  along  each  axis;  which  ixistu  in.  a 
given  system.  These  is,  for  example,  the  isogonal  grid,  shown  in  Figure 
54C,  also  with  3  orientation  axes,  but  the  length  along  two  axes  per¬ 
pendicular  to  each  other  is  less  than  'ho  length  along  the  third  axes 
which  is  disposed  at  an  angle  of  45  degrees  to  the  first  two  axes  [135]. 

The  greater  number  of  orientation  axes  in  a  system,  the  closer 
it  is  to  the  isometric  plane  of  the  line  systems  which  may  be  regarded 
as  having  an  infinitely  large  number  of  orientation  axes.  Thus,  for 
example,  when  iscgonal  grid,  shown  in  Figure  55 >  having  only  6  orien¬ 
tation  axes,  resembles  a  system  of  boundary  lines  of  an  ordinary  poly¬ 
hedral  structure  with  equiaxed  grain  (see  Figure  49). 

In  plane  crossections  of  real  structures,  the  boundary  lines  of 
microparticle  crossectior.s  are  usually  either  isometric  rr  Oi  _y  par- 
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tially  oriented  systems.  Completely'  oriented  boundary  line  systems 
occur  as  an  exception.  The  partial  orientation  of  a  system  of  lines  on 
a  plane  we  understand  to  mean  such  systems  of  lines  in  which  only  a 
part  of  the  total  length  of  lines  is  oriented  in  a  definite  line,  or 
more  brequently  being  parallel  only  to  one  orientation  axes.  Thus, 
Figure  5 o  shows  structures  of  hot  rolled  steel  annealed  at  different 
temperatures.  It  is  quite  obvious  that  ir  both  cases  a  quite  definite 
directivity  of  grain  boundary  lines  of  ferrite  may  be  observed.  How¬ 
ever,  this  orientation  is  incomplete  in  contrast  to  the  schemes  as  shown 
in  Figures  52,  nor  does  it  approach  completeness  in  any  way.  A  typ¬ 
ical  example  of  a  partially  oriented  system  of  lines  on  a  plane,  when 
not  all  lines  of  a  system  but  only  a  certain  portion  of  the  total 
length  of  grain  boundary  lines  of  ferrite  is  parallel  to  the  orienta¬ 
tion  axis,  which  axis  in  •‘his  case  corresponds  to  the  direction  of 
rolling,  is  shown  in  Figure  5 C. 


Fig.  5k.  Completely  oriented  systems  of  lines  on  a  place  with  three 
axes  of  orientation 

Besides  the  fact  that  partial  orientation  of  boundary  lilies  is 
presort  in  bo‘i.  structures,  cl. ova.  ii  ligi.ro  '/>■,  \  e  also  note  that  The 
relative  length  of  the  oriented  portion  of  lines  in  the  structure  in 
the  drawing  at  the  left  is  considerably  greater  than  in  the  drawing  on 
tiie  right.  In  other  words,  the  degree  of  orientation  of  boundary  lines 
in  steol  annealed  at  60C  C  is  notably  greater  than  ir.  steel  annealed 
at  3SC  C. 

Quantitative  determination  of  the  degree  of  partial  orientation 
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is  quite  effective  and  many  times  attracted  the  attention  of  the  metal - 


Fig. 

Fig. 


lographers.  As  far  back  as  1900  studying  the  deformation  of  mild 

steel  in  the  cold  state  from  Y.  Geyn  measured  the  visible  length  and 
width  of  ferrite  grains  [13$].  Later,  F.  Bapaggs  made  an  attempt  to 
determine  the  magnitude  of  a  reduction  of  alloyed  steel  by  forging 
from  the  degree  of  deformation  (elongation)  of  the  carbide 
which  was  characterized  by  a  ratio  bet1, Veen  the  length  of  cells  on  the 
network  and  their  width  [137].  F.  Bapaggs  correlated  the  value  of 
this  ratio  of  to  the  degree  of  the  reduction  through  a  special  formula , 
The  degree  of  orientation  of  a  system  of  lines  in  a  plane  may  be 
estimated  quantitatively  by  a  value  which  is  the  ratio  of  the  oriented 
portion  of  lines  to  their  total  length;  this  evaluation  seems  natural. 
This  is  necessary  to  have  a  possibility  to  determine  separately  the 
aforementioned  values,  whereas  the  method  of  random  secants  makes  it 
possible  to  determine  only  the  total  length  of  lines  of  a  system 


in  its  area. 


55«  Isogonal  lattice  with  6  axes  of  orientation 

56.  Examples  of  partial  orientation  of  lines  of  grain  boundaries 
of  industrial  iron  tempered  at  600°  (a)  at  8500  (b)  £~2 1_7 

If  the  oriented  portion  of  lines  is  removed,  then  the  remaining 
portion  of  lines  of  the  system  will  be  isometric.  The  validity  of  this 
supposition  and  its  hardnessabili ty,  at  least  for  practical  purposes 
of  geometric  metallography,  has  been  demonstrated  ly  us  oi.  a  number 
of  examples  [l  3?].  For  this  reason,  a  partially  orio..tei  system  of 
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lines  or.  a  plane  may  be  regarded  as  consisting  of  two  superimposed 
system,  of  which  one  is  particularly  oriented  and  the  second  is  com¬ 
pletely  isometric.  For  this  case,  the  numerical  expression  for  the 
degree  of  orientation  of  the  system  of  the  lines  of  a  plane,  providing 
it  has  one  orientation  axis,  will  be  determined  in  per  cent  from  the 
formula 


d  = 


Por 

£~Por  +" 


TTb 


100$ 


(21.1) 


where  Por  is  the  specific  length  of  the  oriented  portion  of  lines, 

p 

mm/mm';  ?  is  tiie  specific  length  of  the  isometric  portion  of  lines, 
2 

min/nan  . 


It  should  be  noted  that  when  dividing  the  lines  of  a  system  into 
elementary  sections  of  equal  length,  for  the  purpose  of  determining 
which  of  them  are  oriented  and  which  are  isometric,  we  can  assume  these 
elements  infinitely  small  as  to  length.  For  this  reason,  predeter¬ 
mination  of  the  degree  of  orientation  by  the  method  described  above, 
is  applicable  not  just  to  systems  in  which  the  rectilinear  sections  of 
boundary  lines,  parallel  to  each  other  (as  in  Figure  50,  are  clearly 
distinguishable.  The  degree  or  orientation  may  be  also  determined  in 
such  systems  of  lines  which  consist  of  small  curves  <^!^'^recti- 
linear  elements,  for  example,  in  a  system  of  ellipses  on  a  plane,  the 
large  axes  of  v/hich  are  usually  parallel. 

A  method  for  measuring  the  total  linear  length  of  lines  of  any 
SjStora  on  a  plane  by  the  method  of  random  secants  is  presented  in 
Section  2G,  IIo.v,  the  notion  "isometrioity"  of  a  system  of  lines  may 
be  elaborated  from  the  viewpoint  of  this  method.  If  from  any  random 
point  or:  a  plane,  on  which  a  system  of  lines  is  drawn,  straight  lines 
(secants)  are  drawn  in  all  possible  direcoions,  then  the  mean  number 
of  intersections  por  unit  length  of  each  straight  line  would  have  the 
same  mean,  statistically  constant,  value  as  an.  isometric  system  of  lines 
on  a  plane.  In  other  words,  the  mean  number  of  intersections  per  unit 
length  of  secants  in.  an  isometric  system  of  lines  *s  independent  of 
the  direction  of  the  secant. 

The  more  visual  characteristics  of  the  orientation  of  the  system 
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of  lines  on  a  plane  is  afforded  by  "the  rose  of  the  lumber  of  inter¬ 
sections"  v/hich  shov.'s  the  actual  relationship  between  the  mean  and 
number  of  the  intersections  per  1  .nra  of  length  of  the  secant  and  its 
direction,  constructed  in  polar  coordinates.  From  the  aforesaid,  it 
is  obvious  that  for  any  isometric  system  of  lines  on  a  plane  the  rose 
of  the  number  of  intersections  is  described  by  a  circumference  with  its 
center  at  the  origin  of  polar  coordinates. 

The  shape  of  the  rose  of  the  number  of  intersections  is  quite 
sensitive  to  the  presence  of  preferential  directivity  of  line 

systems.  In  those  cases  when  the  degree  of  directivity  is  insigni¬ 
ficant  and  cannot  be  observed  visually,  the  rose  of  the  number  of  inter¬ 
sections  doesn't  deviate  from  its  circular  shape. 

The  eo:perimental  construction  of  the  rose  of  the  number  of  inter¬ 
sections  is  quite  simple.  A  series  of  initially  parallel  secants, 
forming  a  definite  angle  ^  with  the  orientation  axis,  is  drawn  upon  a 
microsection  or  a  photomicrograph,  providing  that  the  direction  of  the 
axes  may  be  clearly  determined  by  visual  observation  or  the  topography 
of  the  plane  of  the  microsectior..  Thus,  for  example,  it  is  possible 
that  to  assume  that  the  orientation  axes  on  t’10  longitudinal  microsec¬ 
tion  of  a  rod  or  a  wire  coincides  with  their  geometrical  axes.  Secants 
of  a  given  group  are  randomly  distributed  but  uniformly  over  the  entire 
surface  of  the  luerosect  ior.  or  over  the  area  of  the  photomicrograph; 
directions  of  all  secants  must  be  exactly  the  same  with  the  respect  to 
the  orientation  axis.  Having  determined  the  mean  number  of  intersec¬ 
tions  per  1  nm  of  secants  in  a  given  direction,  ,  the  next  group 

of  secants  is  drawn  but  in.  a  different  direction,  etc.  Having  derived 
a  number  of  values  of  mean  numbers  of  intersections  for  many  directions 
of  a  plane,  the  rose  of  ine  ..umber  of  intersections  is  constructed. 

For  this  purpose,  the  radii -vectors,  which  form  the  same  angles  with 
the  0-0  axis  as  were  formed  by  individual  groups  of  secants  and  the 
orientation  axes,  are  drawn  from  the  origin  of  coordinates.  The  length 
of  each  radius-vector  expresses,  or.  a  definite  scale,  the  values  of 
mean  numbers  of  intersections  f  r  corresponding  directions  of  secants. 


2,/ 3 


After  that,  the  ends  of  radii-vectors  are  connected  by  a  smooth  curve 
which  is  precisely  the  rose  of  the  number  of  intersections  constructed 
from  the  data  of  the  expreiment. 

The  rose  of  the  number  of  intersections  for  the  polyhedral  struc¬ 
ture  of  almost  pure  iron  with  equiaxed  grains  is  shown  in  Figure  57. 
The  circular  shape  of  the  rose  Indicates  that  the  system  of  boundary 
lines  of  ferrite  in  this  case  is  actually  isometric.  The  rose  of  the 
number  of  intersections  was  constructed  similarly  for  the  system  of 
ferrite  lines  of  rolled  sheet,  or.  a  rcicrosection,  the  plane  of  which 
was  perpendicular  to  the  plane  of  the  sheet,  has  an  entirely  different 
shape.  Tr.  this  case,  the  0-0  axis  of  the  graph  coincides  with  tiie  di¬ 
rection  of  rolling,  which  is  precisely  the  orientation  axis  of  ferrite 
grain  boundaries.  The  rose,  shown  ir.  Figure  58,  has  one  maximum  of 
the  number  of  intersections  iri  the  direction  perpendicular  to  this 
axis,  (that  is,  to  the  plane  of  the  sheet)  and  one  minimum  in  the  di¬ 
rection  that  which  coincides  with  the  orientation  axis  0-0,  as  shown, 
by  the  values  of  the  respective  radii-vectors. 

rJpon  the  basis  of  our  assumption,  according  to  which  partially 
oriented  system  of  lines  may  be  regarded  as  consisting  of  two  super¬ 
imposed  systems,  of  which  one  Is  completely  oriented  and  the  second  is 
completely  isometric,  the  plot  of  the  rose  of  the  number  of  intersec¬ 
tions  may  be  calculated. 

For  this  purpose  it  is  necessary  to  measure  how  many  micro¬ 
section  mean  and  numbers  of  intersections  on  the  in  tool  and  not  in 
many  directions  (as  is  the  case  in  a  system  of  lii.es  with  one  orien¬ 
tation  axis,  which  is  a  more  common  case  in  real  structures  on  plane). 

The  orientation  of  lines  of  a  system  on  a  plane  may  bj  charac¬ 
terised  not  graphically,  r.ot  by  the  shape  of  the  rose  of  I  he  number  of 
intersections,  which  generally  sneaking,  is  practically  inconvenient, 
buy  by  one  definite  number  which  characterizes  the  degree  of  orienta- 
tio:  in  conjunction  with  Formula  21.1,  Two  groups  of  secants,  forming 
a  right  angle  (in  systems  with  one  orientation  axis),  are  used  both  for 
calculating  the  plot  of  the  rose  of  the  number  of  intersections  and 
for  determining  the  degree  of  orientation.  Inasmuch  as  i:.  this  method 
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the  secants  are  not  randomly  directed,  but  have  a  quite  definite  di¬ 


rection,  we  have  called  the  method  of  using  these  secants  the  raetfco 
directed  secants. 


C: 


m 
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of  the 

57 •  Plane  rose  SMs 1  the  number  of  intersections  for  M  system  of 
boundary  lines  of  the  grain  of  industrial  iron  with  equiaxial  grain 


Fig.  5c.  Plane  rose  of  the  numher  of  intersections  for  the  system  of 

boundary  lines  of  the  grain  of  industrial  iron  deformed  by  rolling 
(on  e  micros-'c ticn  of  sheet  iron) 


d  of 


J./JT 


Section  2.',  The  L'ethod  of  Directed  Decants  and  the  Analyses  of 
Partially  Oriented  Structures  or.  a  Plane 

Let  us  consider  a  system  of  mutually  parallel  and  equidistant 
lines,  shown  in  Figures  48  and  52A,  There  the  number  of  ijitersections 
of  the  secant  and  the  grid  lines  of  the  system,  depending  upon  the 
angle  formed  by  the  secant  and  the  orientation  axis,  is  expressed  by 
the  formula 


(22.1) 

where  a  is  the  distance  between  parallel  lines  and  is  the  angle 
formed  by  them  and  the  secant. 

Secants  directed  parallel  to  the  orientation  axis  would  not  run 
into  a  single  line  of  the  system  ar.d  for  this  reason  the  number  of 
intersections  ip.q  or  m  will  be  sero.  Conversely,  secants  directly  per¬ 
pendicular  to  the  orientation  axis  will  run  into  the  greatest  number 
of  linos  of  the  system  and  a  number  of  intersections ,  m0Q  0:'  will 
happen  to  be  greater  than  at  any  other  direction  of  secants.  The 
graph  of  the  relationship,  expressed  by  the  Formula  (22.1)  is  plotted 
in  polar  coordinates  in  a  form  of  two  circumferences  of  equal  diameter 
opposite  to  each  other  and  the  orientation  axis  0-0  at  the  origin  of 
coordinates,  as  shown  in.  Figure  39.  The  sha.pe  shown  in  Figure  59  is 
the  rose  of  the  number  of  intersections  for  the  giver,  case  ar.d  the  dia¬ 
meters  of  circumferences,  which  comprise  it,  correspond  to  the  maximum 
number  of  intersections  per  1  ran  of  the  secant,  or  m-^.  The  rose  of 
the  number  of  intersections  of  this  type  occurs  foi  all  uysloms  of  lines 
on  a  plane  which  are  completely  oriented  ar.d  possess  only  one  orienta¬ 
tion  axis  (Figure  r)2  a,  b,  and  c). 

For  a  system  of  lines  which  has  two  orientation  axes  located  at 
rig;  t  angles  1o  each  other  forming  a  continuous  go  id  of  identical  square 
(figure  53A),  or  rectangles  (Figure  5 3D),  nay  be  regarded  as  e  1 ; Lii  g 
of  tv.c  systems  <f  parallel  and  equidistant  straight  liies,  '.be  or  renta¬ 
ble:  axe-  cf  ...e  -ysten.s  being  ir  ell„  perpendicular.  For  each  system 
separately  the  r.umlci  cf  intersections,  which  is  dep-  .  lent  upon  the  di- 


rection  of  the  secant,  is  expressed  by  the  Formula  (22.1),  By  applying 
the  rule  of  the  addition  of  means,  for  the  entire  system,  v,e  derive  a 
relationship  betweer  the  number  of  intersections  and  direction: 

ei v  0  =  siryv/a  +  sin/j/b  nm-^ 

P  (22.2) 

where  a  and  b  are  the  distances  between  parallel  lines  in  each  system; 
oC  and^jf’  are  angles  formed  by  the  secant  and  corresponding  orientation 
axis  of  both  systems. 

If  degrees  of  orientation  are  identical  in  directions  of  both  axes, 
that  is,  the  system  is  a  grid  composed  of  squares  (Figure  53A)  values 
of  a  and  b  are  equal.  Moreover,  taking  into  consideration,  the  fact 
that  there  is  perpendicularity  of  orientation  axes,  the  sum  o£r*L  aid 
r  atgles  is  90  degrees,  ’,Ye  simplify  the 'Formula  (22,2)  for  the  case 
of  square  grid: 


nir-c  =  (i/a)  [sin  oL  -t-  sin  (90-  )]  mm-1 

(22.3) 


The  rose  of  the  number  of  intersections  for  a  square  grid  (Figure  53A), 


calculated  from  this  formula 


'Tf*  rose  01  the  number  of  intersections  for  the  completely 
oriented  system  of  lines  with  one  axis  of  orientation 

Fig.  60.  Plane  rose  of  the  KMMMM  number  of  intereecti ons  for  the  completely 
oriented  system  of  lines  with  two  mutually  perpendicular  axes  or  orienta¬ 
tion  with  identical  degree  of  orientation  along  both  axes  (souare  lattice) 

The  maximum  number  of  i.-tersecl ioi.s  occurs  in  the  direction  which 


forms  an  angle  of  degrees  with  both  orientation  axes. 

The  rcse  rf  tht  :  u-cr  of  ii.lcrcectic.-.j  T -r  a  system  if  '  ice, 

1  r  cd  b^  ciffi  i-i  :.t'  „  cri.  "<d  grcigf  of  rui-xT-^  ^arallil  and  equi  ...  d 
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straight  Hi  cs. ,  ;.ay  e  readily  construe,  ved  graphically  v.-ithouv  calcu¬ 
lations  from  Fromulas  (22.1  )-(22.3).  For  example,  let  us  consider  the 
construction  of  the  rose  of  the  number  of  intersections  for  the  system, 
of  regular  rectangles,  shown  in  Figure  53B.  The  distance  between  hori¬ 
zontal  straight  lines  we  shall  designate  as  a  and  the  distance  between 
vertical  lines  as  b  (a>b),  First  let  us  construct  two  separate  roses 
for  the  number  of  intersections  for  each  system,  of  straight  lines, 
horizontal  and  vertical. 

For  the  system,  of  horizontal  lines,  the  rose  of  the  number  of 
intersections  will  be  comprised  by  two  circumferences  with  diameters 
a,  which  will  be  tangent  to  each  otuer  and  to  the  axes  of  horizontal 
orientation,  at  the  origin  of  coordinates.  Similarly,  hie  rose  of  the 
number  of  intersections  for  the  system  of  vertical  lines  formerly  de¬ 
scribed  by  two  circumferences,  the  diameters  of  which  are  1,  is  tangent 

b 

to  each  other  and  the  a.xis  of  vertical  orientation  at  the  origin  of 
coordinates,  rose  of  the  number  of  intersects  shown  in 

Figure  61,  where  two  circumferences  (!)  are  for  the  system  of  horizon¬ 
tal  lii.ee  and  two  circumferences  (?)  are  for  the  r; utec.  of  vertical 
lines.  Further,  we  add  the  radii-voctors  of  both  roses  of  the  number 
of  intersections  for  each  direction  and  thus  obtaii  the  ra 11:1  -vector, 
the  length  of  which  correspond  1)  tie  total  number  of  intersections  in 
the  same  direction.  Ey  connecting-  the  ends  of  the  total  ra lii-vectors 
with  a  smooth  curve,  we  obtaii  curve  three  which  is  precisely  the  contoi. 
of  the  rare  of  the  nu.d  or  >f  intersections  for  a  ..system  cf  lines  forni- 
i..j  a  i lane  grid  of  rectangd.ee  (in  plotting,  the  ratio  of  the  height 

i  f  roc  t  ingles  to  their  width  v.u  taker,  a  ■  2). 

b 
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tersections  ror  the  completely  orientated  system  of  lines  with  two 
mutually  perpendiculary  axes  of  orientation.  The  orientation  along 
each  of  the  axes  is  different  (rectangular  lattice) 

A  graphic  plotting  of  the  rose  of  the  number  cf  intersections, 
similar  to  the  one  just  described,  was  made  by  us  for  the  case  of  uni¬ 
form  orientation  of  lines  of  a  system  with  three  orientation  axes 
located  at  ar.  angle  of  120  degrees  to  each  other.  This  plot,  which  is 
valid  for  isogor.al  grids  made  up  of  regular  hexagons  (see  Figure  43*0 
or  triangles  (Figure  54B),  is  shown  in  Figure  62. 


A?  Plane  rose  of  the  number  of  intersections  for  the  fully  oriented 
system  of  lines  ith  three  axes  of  orientation  placed  at  an  angle  of 
120°.  The  degree  of  orientation  along  all  three  axes  is  identical, 
(lattices  from  regular  hexagons  or  triangles 


As  the  number  of  orientation  axes  is  increased  further,  the  shape 
of  the  rose  of  the  number  of  intersections  approaches  still  closer  to 
a  circumference.  Therefore,  an  isometric  structure  may  he  regarded  as 
one  that  does  not  have  orientation  axes,  as  well  as  one  that  has  an 
infinitely  large  number  cf  axes. 

Let  us  examine  the  analytical  and  the  graphical  construction  of  the 
rose  of  the  number  uf  intersections  partially  oriented  strut'  lures  and 
their  lypcr  £o:  s;  terns  of  lines  of  this  vype,  which  are  more  common  iy 
encountered  in  practice. 

Let  a  partial L.  oriented  system  cf  lines  be  comprised  of  two  syo- 
o 

terns,  the  oriented  system  and  the  isometric  system.  The  number  of 
intersections  •■•f  the  secure  with  the  oriented  portion  of  lines  of  the 
system  is  defined,  depending  upon  the  direction,  by  Formula  (22.1), 

It  is  known  (See  Section  20)  that  the  value  of  1_  i:;  equal  to  the  speci- 

'■  a 

fic  length  of  the  oriented  portion  of  the  lines  of  the  system,  FQr 
mm/irrt1.  Therefore,  we  can  rewrite  Formula  (22, l)  as  follows: 


(22.4) 


=  sin  d  .  2  P0r  mn'1 

where  in'^  is  the  number  of  intersections  of  the  secant  with  only  the 
oriented  portion  of  lines  per  1  mm  of  its  length. 

The  number  of  intersections  of  the  secant  and  the  isometric  portion 
of  the  lines  of  the  system  is  defined  by  the  Formula: 

"" -J.2rls-  C22-5) 

In  that  case  the  total  number  of  intersections  in  a  giver,  direc¬ 
tion  will  be: 

acL  =  +  m"  =  sinc*  *  £  Por  +  7T  £Pis- 

(22.6) 

From  Formula  22.6  it  is  possible  to  plot  the  rose  of  the  number  of 
intersections,  knowing  the  length  of  the  oriented  and  isometrio  portion 
of  a  system  of  Hires, 

Tne  graphical  plot  of  the  rose  of  the  number  of  intersections  for 
partially  oriented  syuiems  of  line  is  even  simpler.  For  this  purpose 
we  have  to  know  two  values,  ,.;oasured  or.  the  pla.  o  of  the  microsectior. 

~  the  mean  number  of  inlersuo lions  of  the  oriented  portion  of 
lines  of  a  system  with  the  secant  perpendicular  to  the  orientation  axis, 
m'og,  am  the  mean  number  of  intersections  for  the  isometric  portion 
of  lines  of  x  system,  m".  If  we  know  the  specific  lengths  of  both  por¬ 
tions  of  lines  of  a  system,  £  Por  and  we  can  calculate  the 

values  we  need  from  Formulas  (22,4)  and  (22.5),  respectively. 

From  the  first  of  these  values,  we  plot  the  rose  cf  the  number  of 
intersections  for  the  oriented  portion  of  lines.  It  will  be  described 
by  tv.c  circumferences,  the  diameters  of  which  are  rc  tangent  to  the 
orientation,  axis  at  the  origin  of  coordinates  (see  Figure  55). 

In  using  the  second  value,  we  plot  the  rose  of  the  number  of  inter¬ 
sections  for  the  i seme trie  portion  of  lines  of  t^o  system.  It  will  be 
a  circumference  with  its  center  at  the  origin,  of  coordinates.  The 
radius  of  the  circur.ferer.ee  v.il_  he  m"  (see  Figure  57). 

The  rose  of  the  number  of  intersections  for  a  partially  oriented 
syo4om  of  lines,  as  a  whole,  we  shall  derive  just  at  be. "ore  by  addiig 
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radii -vectors  of  the  plotted  auxiliary  rose  for  each  direction.  In 
the  plop  shown  in  Figure  63,  it  has  been  assumed  that  the  specific 
length  of  the  oriented  portion  of  the  lines  is  3/4  and  that  of  isometric 
portion  is  ]//j  of  the  total  specific  length  of  the  lines  of  the  system 
as  a  whole. 


Fig.  63.  Graphic  construction  of  the  plane  rose  of  the  number  or  intersec¬ 
tions  iOr  the  partially  oriented  system  of  lines  in  accordance  with  the 
the  numbers  of  intersections  on  secants  parallel  end  perpendicular 
to  the  axis  of  orientation. 

mo  have  an  accurate  comparison  between  contours  of  theoretically 
calculated  and  vxpariner.tell;  p  1C  tec  jr.-.a-  of  the  r.uthtr  of  i..ter- 

:  oc  1 1*. f ;  j  p^r.iellj  fiitriu'  py  i-  ,e if  lines,  it  is  tor  senary  to 

determine  c ires' ly  or.  the  micrcset  1  i'-r  the  mean  numbers  of  intersec¬ 
tions  of  f.ocei'  c  ••itk  oriei  ted  aid  i s n..t trie  portion-,  t  P  line.,  of  a 
system  separately  , 

Let  us  ex  amir.e  the  partially  oriented  systen  of  ferrite  boundary 
lines  s hover,  in  Figure  5' .  Secar.is,  directed  parallel  to  the  orient a- 
tior  axis  of  boundary  lines,  do  not  intersect  those  elements  of  boundary 
lines  which  are  parallel  tc  these  seem  is,  1,  e.  is,  they  have  the  sane 
direction  as  the  ori  i  tatioi,  axis  of  tho  cyslen.  Hence,  it  follows 
that  secants  directed  parallel  to  the  orientation  axis  intersect  only 
oho  lines  of  the  isometric  portion  of  cci  siderou.  systems  of  boundary 
1  men. 

Therefore,  the  number  of  intersections  determined  or:  tlie  secants 
parallel  to  the  orientation  axis,  will  be  the  actual  number  of  inter¬ 
sections  with  the  isometric  portion  of  lines  of  a  system  ir.  any  direc¬ 
tion  and,  ii  accordance  \-ith  the  syir.be  Is  accented  previously,  v:i’-  pual : 

"  =  mM  mr.-^ 

23! 


rr. 


f 


v.here  mM  is  the  mean  nurnher  of  intersections  of  the  directed  secant, 
parallel  to  the  orientation  axis,  per  1  mm  of  its  length. 

On  the  basis  of  this  value  it  is  possible  to  determine  directly  tho 
length  of  the  isometric  portion  of  linos  of  a  partially  oriented  system 
on  a  plane: 

V  P.  =  m„  =  1,571  m„  mm/mm2  . 

13  2  (22.8) 

The  second  group  of  secants  are  directed  perpendicularly  to  the 
orientation  axis  and  the  mean  number  cf  intersec lions  per  1  nr:  cf  their 
length  is  de signal ed  as  :.u .  This  number  is  obviously  made  up  of  the  num¬ 
ber  of  intersections  cf  the  isometric  portion,  of  lii  os  of  the  system, 
n,,  ui:d  with  the  oriented  p  r'ion  of  ii:  es,  1  'r(..  Therefore,  the  number 
of  intersections  vith  only  the  oriented  portion  of  lines  ana  the  secant 
directed  perpendicular  "0  the  orientation  axis  ill  be 


m 


90 


(22.9) 


Later  we  shall  prove  that  the  specific  length  of  lines,  completely 
oriented  along  one  orientation  axis  . f  a  system,  is  precisely  equal  to 
the  meai  number  of  intersections  per  1  mm  of  length  of  the  secant  directed 
perpendicular  to  the  axis,  that  is 


£  F  =  m^Q  =  m1  -  mm/mm2  ,  (22. 10) 

Thus  using  two  groups  of  secants,  of  which  one  is  directed  parallel 
to  the  orientation  axis  and  the  second  is  perpendicular  to  it,  will  de¬ 
termine  ind.ependei.tiy  the  mean  number  of  intersections  for  lines  of  the 
oriented  and  isometric  portions  of  a  system.  Formulas  22.3  and  22,10 
make  it  possible  to  measure  separately  the  specific  length  of  the  oriented 
and  the  isometric  portions  of  lines  of  the  system  themselves.  The  total 
length  cf  all  lines  of  a  partially  oriented  system  of  lines  on  a  plane 
will  be  defined  by  the  Formula: 


"X  pi«,  +  rpor  =  ral  +  0,571  ra"  mm/mm2. 

(22.11) 

Knowing  the  same  two  values,  determined  by  calculating  the  inter¬ 
sections  or  the  microseeti or  i:  two  mutually  perpendicular  directions, 
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m-j.  arid  m„,  it  is  possible  also  to  calculate  the  degree  of  orientation  of 
lines  of  a  system  using  (Formula  21,1),  taking  into  account  For¬ 

mulas  (22.3)  ar.d  (22, 10),  as  converted  to  the  following  formula: 


c  k.  = 


-1  or 

F  '  +  p. 
or  is 


m.;j_  -  mi, 

100  =  - - - IOC# 

+  0.571  ni„ 


(22.12) 

Nov/  we  shall  illustrate  from  a  concrete  example  the  application  of 
the  method  of  directed  secants  tc  a  partially  oriented  system  of  boundary 
lines,  .rhich  has  been  proposed  previously.  The  system  of  lines  is  shewn 
ir.  Figure  d; .  It  is  a  system  of  boundary  lines  of  silicon  ferrite  grains 
on  a  ir.icrosection  of  transformer  steel.  The  plane  of  the  microsection 
is  perpendicular  to  the  surface  of  the  steel  sheet  and  parallel  to  the 
rolling  direction.  The  number  of  intersections  on  secants  lying  perpen¬ 
dicular  and  parallel  to  rhe  orientation  axis: 

792  _p  278  ^  -1 

HU  =  -^r —  =  23.3  mm  and  m„  =  -rp~  =  7.6  mm  . 


(22.13) 
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Using  Formula  (22.8)  we  find  the  specific  length  of  lines  the  por.it  ionirg 
of  which  is  isometric: 


Pis  =  1’571  ’  7,6  =  11,9  mnl/nra2. 

From  Formula  (22.10)  we  find  the  oriented  portion  of  the  fco’uulary  line 
per  unit  area  of  the  microsect jor. : 
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FQr  =  23.3  -  7.6  =  15-7  mrn/m2  . 

The  total  length  of  grain  boundary  lines  is  equal  to  the  sune  of 

2 

separately  determined  values,  that  is  27,6  mir./mm  .  The  degree  of 
orientation  of  boundary  lines,  in  Figure  64,  we  deterirdne  from  Formula 
(22.12)  : 


a  -  -Sihl-zJldLm...  ,  57*  . 

23.3  +  c.571  .  7.6 

Using  here  the  values  obtained  for  the  mean  numbers  of  intersections, 
and  a,,,  v e  can  plot  the  rose  of  the  number  cf  intersections  for  the 
strut tur?  shown  ir.  Figure  64,  that  is,  we  can  determine  graphically  the 
relationship  between  the  number  of  intersections  per  1  nun  of  the  directed 
secant  and  its  direction,  v.'ith  respect  to  the  orientation  axis.  The 
plot  i-j  si  ov.t  in  Figure  65.  Cray  .me  quadrant  cf  the  polar  system  of 
coordinates  is  shown,  inasmuch  cits  configuration  cf  the  rose  of  the 
number  cf  intersections  is  symmetrical  with  respect  to  the  coordinate 


axes , 


The  moan  numbers  of  intersections  in  two  mutually  perpendicular  di¬ 
rections  oar.  be  measured  as  directly  on  the  microsection,  This  can  be 
carried  out  most  conveniently  in  an  apparatus  for  the  determination  of  mi- 


Fig.  64.  Partially  orientated 
silicon  ferrite  of  sheet 


system  of  lines  of  grain  boundaries  of 
transformer  steel 


Fi, 


tions  for  the  system  of  h  f  ^  r°Se  of  1 he  * 
(Fig.  64)  b0Und8ry  lines  of  grai 


of  intersec- 
silicon  ferrite 


Section  23.  The  Rule  of  Total  Projection  for  a  Plane  and  the  Verifica¬ 
tion  of  the  LletLoi  of  Directed  Secants 

For  the  verification  of  relationships  between  true  parameters  of 
a  plane  structure  and  para.noters  measured  in  qv.s- utitative  microanalyses, 
what  is  frequently  feasible  is  to  calculate  ir  advance  the  parameters 
subject  to  measurement  and  after  that  t?  compare  the  values  obtained 
with  actual  measurements. 

Let  us  assume  that  it  is  r-ecescury  to  determine  the  total  length  of 
fibers  of  plastic  rormetal.lic  inclusions,  stretched  out  along  the  di¬ 
rection  of  rolling,  on  a  longitudinal  microseclion.  An  area  of  a  micro- 

sectioi  ,  magnified  one  hundred  times,  is  drawn  schematically  in  Figure  (>(>, 

o 

The  actual  dimension  of  this  area  (on  the  microsec  tiro  )  is  1  x  1  mm*-. 

Let  us  draw  on  this  sketch  a  network  of  equidistant  parallel  lines  per¬ 
pendicular  to  the  orientation  axis  of  fibers.  We  assume  that  these  lines 
are  directed  secants.  The  distance  between  adjacent  lines  is  taken  equal 
to  Thus,  we  have  a  number  of  narrow  strips  kH  wide  and  1  mm  long. 

The  number  of  strips  (or  secants)  or  the  area  in  Figure  (C  is  obviously 

enuai  to  j.  , 

A 

Low  let  us  calculate  the  lumber  of  intercepts  of  l'ioers  of  non- 
metal  Lie  ii.ciusior.s  ir.  each  strip.  If  there  shows  only  a  fraction  in 
the  strip  widtu,  (that  is,  the  end  of  fiber  falls  within  the  strip)  we 
count  it  ir.  providing  that  this  fraction  is  greater  than  0.5  A,  and 
neglect  it  if  it  is  not.  Let  us  assume  that  the  first  strip  has  oA 
i  umber  cf  fibers  m^ ,  the  second  or.e  has  ng ,  the  third  has  m^,  etc.  In 
that  case  the  sum  cf  lengths  of  all  intercepts  of  inclusions  in  the  first 
strip  i.  i;>j  /\\  in  the  second  it  would  be  Zu,  etc.  The  total  length 
of  all  fibers  of  nonmetallic  inclusions  in  the  area  of  Figure  'A  (that 
is,  per  1  r.r.L  cf  the  microsect ion )  would,  le: 

%  ?or  =  (Eil  +  n'2  +  r3  +  •  •  * )  = 

rr.-,  +  m„  +  nu  +  . . .  2 

=  — - - - -  mm/mn!  .  (23.1) 

(i  -A) 

h  \ 

The  value/ ,  four.c  in  one  denominator,  is  equal  to  the  rut. lor  and 
length  of  strips  (secants;  on  the  area  of  1  nr.*" j  in  tuc  numerator  is  the 


i 


total  number  of  intercepts,  which  is  equivalent  to  the  total  number  of 

intersections  of  directed  secants  and  fibers  of  nonmetallic  inclusions 
o 

in  an  area  1  mm*".  Hence,  it  follows  that  the  total  length  of  inclusions 
elongated  by  rolling  per  unit  area  of  longitudinal  microsection  is  equal 
to  the  mean  number  of  intersections  of  inclusions  and  secants,  directed 
perpendicular  to  the  orientation  axis  of  fibers,  per  1  mm  of  length  of 
these  secants, 

'.Vo  have  derived  in  Section  22  an  equation,  identical  to  Formula 
(23.1),  for  a  system  of  parallel  equidistant  lines,  where  the  validity 
of  this  relationship  is  obvious,  Isow  we  can  see  that  the  same  relation¬ 
ship  is  valid  for  a  system  jf  parallel  lines  whoso  length  and  location 
on  a  plane  may  be  random.  Previously,  when  deriving  Formula  (22,10), 
we  already  used  the  relationship  now  obtained. 

Let  us  consider  another  system  of  lines,  consisting  of  a  number  of 
closed  contours  of  different  configurations  and  of  o«i.er  sections  of 
straight  lines  and  curves,  disposed  randomly,  as  shown  in  Figure  67. 

In  Figure  67  v/e  take  the  abscissa  as  the  axis  to  which  we  project  all  the 
lines  of  the  drawing.  In  this  case  we  consider  not  ordinary  projections 
of  lines  but  their  total  projection,  by  which  v/e  moan  the  sum  of  lengths 
of  projections  cf  absolutely  a 1*  elements  of  lines:  cf  the  u rawing,  re- 
garbles.;  of  whether  they  are  sapor  imposed  cr  id,  Thun ,  xLr  example, 
the-  it  tcj.  projection  of  a  circumference  is  double  its  diameter.  The 
total  projection  cf  lines  or.  a  plane,  and  also  of  planes  in  apace,  has 
a  practical  use  in  derivation  ar.d  verification  of  methods  of  quantita¬ 
tive  geometrical  analyses  of  plane  and  spatial  structures, 

dust  as  in  the  preceding  case,  we  draw  a  series  of  parallel  equi¬ 
distant  lires  ii  Figure  ,  perpendicular  to  the  base  line  of  the  drawing 
which  we  have  chosen  as  the  axis.  It  may  readily  be  seer,  that  the  number 
of  intercepts  of  tae  lines  of  the  system  in  each  strip  will  equal  the 
number  of  their  projections  or.  the  base  line  of  Figure  67  in  the  same 
strip.  Using  the  same  logic  as  ir.  the  derivation  of  Formula  (23.1), 
we  core  to  the  conclusion  tnat  the  mean  run  ter  cf  intersections  per  1  1  . 
wf  straigi  r  liics  pt.  ^enciouLti  tt  the  axis  uuus  ei  ty  1 1  ,  is  ••  t! 
o.icl  -t  4]  •  icial  ;_.uxCtict,  ir.1i  the  ra:.  <  <~.i.  ,  cf  all  1  ii  es  of  1.  _ 


system  found  ir.  unit  area. 


U  iol 


Fig.  66.  Diagram  of  the  derivation  of  Ihe  formula  (23,  1) 

Fig.  67.  Diagram  of  the  derivation  of  the  rule  for  summary  projection  for 
a  plane 

Previously  derived  formula  (23.1)  is  a  specific  case  of  this  general 
rule  inasmuch  as  in  a  system  of  lines  similar  to  one  shown  in  Figure  66, 
the  notion  of  the  total  length  of  lines  of  a  system  is  equivalent  to 
the  total  projection  cf  these  linos  onto  the  direction  parallel  to  them 
(that  is,  perpendicular  to  directed  secants.) 

The  rule  of  the  total  projection  makes  it  possible  to  predetermine 
the  ine&i  number  of  intersections  for  a  chosen  geometrically  definite 
cyst ei  i >f  lint  s;.  Than,  for  cxai  pic,  if  a  1  ri..c  area  of  o.  •ilcroscci  ion 
cf  grammar  pearl  ite  contains  a  ...j,  her  <  f  c.oc  ti«  s  n  of  ..  .1  r.tite  grains.;, 

u  '  heir  average  t’iu.iiv  is  d,  then  ir.arr.n.h  ?  •  •  il.>  total  jrnjccl ioi 
f  -.ccfc  graii  or.  an  average  will  1  e  the  m  m.  s.  r.ler  of  intcri  ecii-'.-.n 
vill  he  defined  ty  t..  tqneiicni 

1.  -  Ten  i.j  *  , 

In  this  case  the. direction  of  secants  5=  <  f  r.c  importance,  for  the 
v.j.iiude  cf  the  tctal  11  j.ction  of  a  system  cf  this  kind  on  the  axes 
of  any  direction  is  one  and  the  same.  The  specific  length  of  the  boundary 
lines  of  cement ite,  ^  Fc  is  obviously  77’d-n,  For  this  reason  the  latter 
oior.  nay  be  irsertec  inf  the  preceding: 


which  is  the  basic-  fori  ula  of  the  method  of  .•nidoir.  secants  fc;  n  ^la.-.c 
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Let  us  apply  our  rule  of  total  projection  to  verify  our  assumption 
that  a  partially  oriented  3,ystem  of  linen  may  he  divided  into  two  systems, 
a  system  completely  oriented  and  a  system  which  is  completely  isometric. 
Let  us  examine  a  plane  which  contains  a  large  number  of  identical  el¬ 
lipses,  randomly  dispose!  or  the  plane  hut  oriented  in  such  a  manner  that 
all  large  axes  of  the  ellipses  are  mutually  parallel.  This  system  of 
elliptical  lin.es  or:  a  plane,  oriented  in  the  manner  described  above,  we 
regard  as  a  partially  oriented  system  of  lines  with  the  orientation  axis 
parallel  to  the  large  axes  of  Lire  ellipses.  Let  us  designate  the  peri¬ 
meter  of  each  ellipse  as  P,  the  large  half-axis  as  a,  the  small  half¬ 
axis  as  b,  and  the  number  of  ellipses  per  unit  area  as  n. 

The  first  group  of  secants  is  drawn  perpendicular  to  the  direction 
of  large  half-axes  of  ellipses.  For  this  case,  .he  mean  number  of  inter¬ 
sections  per  toil  length  of  secants,  tipuu^  t.c  the  total  project  in.  of 
ellipses  tote  'he  election  of  large  a.-.e  ■ ,  will  be: 

■-1  -  ‘I  Cil. 

The  average  number  of  intersections  per  unit  length  of  secants  for  the 
second  group  of  secants,  perpendicular  to  the  secants  of  the  first  group, 
and,  corsnquently ,  to  the  direction  of  a  small  axes  of  ellipses,  will  be: 

mu  =  4  on  (23.3) 

The  total  length  of  perimeters  of  whole  ellipses,  per  unit  area 
can  be  found  from  the  formula  of  the  method  of  directed  secants  for  a 
plane  (22.1!): 

£  ?  -  m,  +  0.571  ran  =  4n  (a  +  0.571  b), 
from  which  we  find  the  perimeter  length  of  or.e  ellipse: 

F  =  4  (a  +  0.571  b).  (23.4) 

The  exact  value  of  the  length  of  the  perimeter  of  an  ollipso  is 
expressed  by  the  formula  [l 39 J s 

?  =77' (a  +  b)  k,  (23.5) 

where  the  value  of  the  coefficient  k  is  defined  bp.  the  ir.fi;  ito 

aif 


Rune o : 


k  c  1  +  (V4)rc  +  UM/V  +  (l/256)r6  +  ... 


with 


r  =  (a  -  b)  (a  +  b). 

We  can  calculate  exact  values  of  the  perimeter  length  of  an  ellipse 
from  Formula  (23.5)  ar.d  approximate  values  b y  the  method  of  directed 
secants  from  Formula  (23.4).  The  magnitude  of  error,  expressed  in 
per  cent,  versus  the  ratio  of  the  lengths  of  the  ellipse  axes,  is  shewn 
m  Figure  68.  The  highest  possible  error,  equal  to  a  6.8  per  cent,  occurs 
at  the  ratio  of  |  of  about  3.  Beyond  this  narrow  range  the  magnitude  of 
the  error  rapidly  decreases,  Jho  fact  should  he  taker,  into  consideration 
txiEt  an  ellipse  has  cnrcctaiy  changing  curves,  in  wuich  rectilinear 
elements  are  absolutely  absent.  At  the-  ten.c  time  ever  in  this  favorable 
Cue*,  at  :..o  he-.,  o.  i.:  ecJc(  t-e-tutt-  \ uvl  r.vfficici  !ly  K  c.aate.  The 
ohaifc  of  it.  e’.'jpse  was  closer,  t.  verify  the  accuracy,  of  the  method  of 
directed  secants,  or.  the  ground  that  seme  investigators  accept  the  "grain 
shape"  of  an  elongated  volumetric  grain  as  a  figure  of  rotation  of  a 
longitudinal  cross  section  which  is  an  ellipse.  The  results  of  another 
method  of  verification  will  he  presented  when  considering  the  method  of 
directed  secar.tr  for  a  space. 

If  it  is  necessary  to  determine  the  total  length  of  boundary  lines 
or.  a  plane,  it  is  possible  to  apply  an  earlier  variation  of  the  method  of 
directed  secants  [59].  Tho  total  length  of  lines  ir  an  isometric  system 
is  principally  expressed  by  the  equation  of  tho  method  of  random  secants 

for  a  Plane,  the  application  of  which  is  valid  for  any  direction  of  secants 
on  a  plane: 


77 

l 


r.jr/rr.m' 


bo.  Error  in  the  detenninati  nn  nr  turt  . 

nsthod  of  directed  secants  as  a  foLtio^TthJ  elllPse  by  the 

lengths  of  the  semiaxes  of  the  ellipse  18  the 


The  length  of  lines  of  a  completely  oriented  system,  is  defined  by 
Formula  (22.4),  and  an  appropriately  different  mean  number  of  inter¬ 
sections  is  obtained  for  each  direction  of  the  secant  with  respect  to 
the  orientation  axes: 


^Por  =  • 

We  cannot  apply  either  of  these  formulas  to  the  determination  of  the 
total  length  of  boundary  lines  of  a  partially  oriented  system  by  the 
method  of  directed  secants,  for  the  coefficients  cf  m  in  these  formulas 
are  different,  and  would  tend  not  to  classify  the  intersections  obtai; ed 
from  oriented  or  isometric  portions  cf  lines  of  a  system  separately , 

Tr  over,  for  a  definite  value  c.f  ^  ,  formed  1;  J he  ,e cant e  u.C  11  c  orien¬ 
tation  axis,  the  coefficient  ii  the  la  '■  .'or  rorrula  may  he  ruado  precisely 
equal  tc  the  coefficient  cf  the  lasii  formula  for  a  plane,  that  is 

In  that  case  the  need  for  separate  computation  of  ii  tersest ions  with 
oriented  and  isometric  portions  cf  boundary  lines  is  eliminated.  We 


c  qua  t  e  , 
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From  this  equatior  we  find  that  it  is  necessary  to  maintain  an.  angle  O'  , 
formed  ly  directed  secants  and  tne  orientation  axis,  of  or  ap¬ 

proximately  40°. 

C 

Consequent!./,  if  directed  secanls  farming  an  angle  of  40  with  the 
orientation  axis  are  used,  and  the  moan  number  of  intersections  per  1  mm 
of  length  of  these  secants  is  determined,  then  the  lengths  of  boundary 
linos  of  partially  oriented  systems  may  be  calculated  from  the  basic 
formula  of  the  method  cf  rnrdom  secants  (2C.7).  The  conclusion  just 

derived  is  verified  for  the  structure  shown  in  Figure  64,  For  10C  so- 

0 

cunts  located  at  an  a.gle  cf  40  to  tie  orientation  axis  and  actual  length 
equal  to  C.f  in  mm  ir.  Figure  64),  a  very  fine  agreement  between  the 
length  of  grain  boundary  with  the  length  calculated  from  the  basic  formula 


is  <  1  tamed. 


The  niear.  number  of  intersecticns  per  one  secant  is  14.05,  ar.d  17.6 
intersections  per  1  mm  of  the  length  of  secants.  The  specific  leng*th  of 
lines  in  Figure  d';,  claculated  from  the  basic  formula  for  a  piano,  will 
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be 

£P  =  1.571  .  17.6  =  27.6  mm/mm2  . 

Previously  for  the  same  structure  v.re  found  the  same  value  obtained 
by  the  method  of  separate  determination  of  oriented  and  isometric  portions 
of  lines  using  2  groups  of  mutually  perpendicular  secants  (see  the  data 
ii  Table  24  or.  page  173).  This  absolutely  identical  agreement  between 

J  **• 

the  results  is,  naturally,  accidental.  Tl.e  control  r.eicurc...eu-;,  carried 
out  bj  the  netlxd  of  circular  ,-CvW  is,  gave  e  dose  fi0\J  e,  ?£“,?  nr/rx/  . 

□  j.s  lows  that  the  retl.ee.  cccai  te,  diree'cT  u.  an  angle  ci  46  degree 
to  the  <  rici  iaJ  ie..  anie,  or  the  r-ethed  <  f  13 que  tenants,  arvoruc  correct 
results . 

the  determination  _  the  total  specific  length  of  lines  of  a 
partially  oriented  system  on  a  plane  we  can  use  the  method  of  random 
secants.  The  method  of  oblique  secants  cn  a  plane  is  not  the  only  or.e 
and  is  not  ever  the  lest  ore  for  solving  problems  of  this  kind.  It  is, 
..ov.cver,  of  irteicr  t,  for  it  is  possible  to  develop  in  analogy  with  it 
an  appropriate  method  for  spatial  structures  in  which  drawing  of  secants 
in  all  possible  directions  is  practically  impossible. 

The  method  of  directed  secants,  although  it  in  not  as  rigorous  from 
the  Mathematical  viewpoint,  it  is  quite  valuable  due  to  the  fact  that  it 
is  the  only  method  permitting  qualitative  evaluation  of  the  degree  of 
orientation  of  systems  of  lines  on  a  plane. 
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Section  24.  The  method  cf  Random  Secants  i'or  Three-Dimensions ;  Systems  of 
Boundary  Surfaces  ir  Three  Dimensions 

Considering  the  boundary  surfaces  of  microparticles  in  throe  dimen¬ 
sions,  vo  can  approach  their  classification  and  characterisation  from 
different  viewpoints.  First  of  all,  a  giver,  system  of  surfaces  must  \ e 
-.efined  by  the  nature  of  the  microparticles  which  they  separate.  In 
pure  polycrystalline  metals  and  in  solid  solutions,  tho  crystallinity 
and  the  composition  of  microparticles  (crystallites,  grains )  are  the  same; 
adjacent  microparticles  differ  only  as  to  crystallographic  orientation  of 
lattices  in  space.  In  more  complex  formations,  surfaces  may  separate 
micro  par  tides  of  different  phase  cr  structure!  m..  rdluer.ts,  In  this 
case,  the  surface  of  01  *•  pause  or  structural  rtu  iituei  t  m  y  coincide 
pi cl<  ly  ,  purl  ir  d;  ,  or  rot  1 1  1 11  v:  D  tub  surface  of  julle  pJ  use 
or  :J  ri.cu.ral  c.;.„titue.i  t.  TJ.t.r,  fan  ...ample,  h  lucid*  t  r  granular 
pearl  it*.,  surfaces  of  1  cth  see,  of  <  or.  a  titc  u.—  ferrite,  are  completely 
superimposf d.  In  hypoeutectoicl  steel  grain  surfaces  of  fe-rlte  arc  peer- 
I  iJ:  •  arc  only  partially  sups:  imposed ,  for  rn<f  or  laces  of  ferrite  gratis 
may  coincide  with  do  surface  of  other  ferrite  grains  ar.d  not  pearlite 
grains.  For  this  reason,  ir.  hypceusectoid  steel  there  may  occur  surfaces 
cf  if.  3  follovijg  struct  urn*  constituent  pair-*  ferrite-ferrite,  ferrite- 
pearl ite,  pearlite-pearlitc,  c*-!  tiding  f err i * e-c c~cr  t ite  interfaces  in 
the  pearlite  itself  an’  surfaces  of  nor.rr.e  tullac  inclusions  which  have 
boundaries  both  -/it!  ferrite  ar.d  pearlite  (predominantly  with  the  first 
one ; , 

From  the  aforesaid  it  follows  that  systems  of  surfaces  may  be  re¬ 
garded  either  as  the  total  surface  cf  the  giver,  phase  or  structure.! 
constituents,  or  as  ai.  ir  1  erf  ace  of  ivc  phases  or  v.v  s  ructural  consti¬ 
tuents,  For  this  reason,  i  .  each  concrete  case  it  s!  ould  be  specified 
precisely  vlat  system  ?  surfaces  we  rich  ie  measure,  Quantitatively 
the  enter  t  cf  t  giv.r  :  ysteir  cf  surfaces  i.  -pace  is  deter:.:.)  cd  the 
magnitude  of  the  specific  surface,  iJ  at,  is,  by  1,1c  total  -tiu.  ee  area  of 
the  uy  stem  *j.-.  iced  by  tho  u:  it  vc*  r  c  measures  ir  nr  ", . 
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As  to  its  configuration  ir.  space,  a  system,  of  surfaces  may  consist 
of  closed  contours  isolated  from  each  other,  or  it  may  be  oi.e  practically 
continuous  surface,  forming  a  three-dimensional  similar  network.  Inter¬ 
mediate  shapes  are  also  pcssibel. 

Just  as  the  systems  of  lines  on  a  plane,  the  systems  of  surfaces 
are  classified  as  isometric  and  partial] y  or  completely  oriented.  It  is 
obvious  that  a  greater  variety  of  orientations  are  possible  in  three- 
di  .cnsional  space  than  in  ivo-dimo  siona!  surface . 

Let  us  ii  agi..j  that  a]]  sir  face?  ..  gi\ei  r  y ;  t  cm.  are  .p 

ii.tc  t  ‘i-i  >.  ! i.jjt  rvrlt;.  <  f  <lu. >t  4',  trti »  «  f  1  purd  .  Isj.  Ly  actu  ii.c 
tha.t  they  are  plane  we  erect  normals  to  each  area.  If  it  happens  iha! 
rorua] r  are  oriented  rani’!  ].y,  but  statielioal!,,  u.ifornly,  i,  e,,  +.}io 
>  oj  her  of  tcrnals  fou  l  It  ary  solid  angle  is  dependent  only  upon  the  mag¬ 
nitude  of  the  angle  and  not  up>cr  the  direction,  we  regard  the  c.yatem  of 
surfaces  as  in  >  etric  sp*ee,  Ire  a:  .is!  :s  eleie.’tars  •  c„:  :  re  oriu  ‘ 

■iP:.uP„  in  f  p  e  c «  .  v  ;i-':'!i..0  1  nr  p.Malle’  •  <  :  i 1 1  v  ■  ;  ,  •.  >.  cun  .7 

.  j.!  criri  1  .•  ■  ■  f;  c  .  i  that,  u  do-  I Lc-  c  >.J  ’  .it  r.  that  11*  : ;  c-i«  t„  '  -  i,.i - 
nitric  Is.  space,  71  e  diet  c'u  cf  •*}.<-  :  leal  m  rfui  t  ir  x  u  n  ir.ed  ip 

t 1  a  ;  c gus '  c  cf  .pcs  ~(  is  a-  _  i ' r  a  \ <  t  .,t,  ;  1  si  , 

ysten  cf  grain  fuiiu-si  of  a  po'jojpnit  11*  •  f.gg:  c0t  i  <  :i;  i:.L  ':.5c 
:'i  sht  gri  i!  ;  :  •guiit-cd  it  pi't,  "!  •  refcrc ,  tin-  ’  *  '  t  freer d  U 

«  ;  Mi  ’'average  shape''  ~~  equiaxed  grain?-  s~  c  to  op  her  3  c-.f  1 . 

It.  „  instances  indivi*^;.]  types  cf  yierr particles  are  gt<u..<  iri<  a’ 

‘ t  dies  (f  elite  i  re  l  0  i t  r  configure  tit  A.  ,  from  Figure  3  it  is  apparent 
"  at  :  Isri  panicles  cf  St  31  i;.  ra’"i!t  are  shaped  as  tlf  -tct  regular  ciles 
:  •  '  :  'or  particles  cf  PuM  .  phase  are  shaped  as  cyl  ir.derr ,  It.  Iwu  Irr 
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The  .isometricity  of  a  spatial  structure  may  he  given  another  defi¬ 
nition.  Prom  some  point  within  a  volume  of  an  alloy  we  direct  straight 
lines  in  different  directions  0^  three- dimensions/^  jpace,  If 
the  number  of  intersections  01  these  lines  with  the  surfaces  of  a  system, 
which  is  of  interest  to  us,  divided  by  a  length  which  is  the  same  for 
all  lines,  is  identical  for  all  lines  and  independent  of  their  direction 
in  space,  then  this  system  of  surfaces  is  isometric. 

Since  there  may  be  a  great  number  of  different  types  of  space 
orientation  of  boundary  surfaces,  we  shall  consider  here  the  basic,  the 
more  typical  ones  which  frequently  occur  in  real  structures.  They  are 
shown  schematically  in  Figure  69.  The  schematic  drawing  in  Figure  69a 
corresponds  to  the  case  of  disoriented  or  isometric  system  of  surfaces. 

It  shows  a  three-dimensional  structure  of  a  polycrystalline  aggregate 
with  grains  equiaxed  in  space.  It  is  obvious,  that  a  structure  may  be 
more  complex,  for  example,  it  may  consist  of  many  phases  or  structural 
constituents.  Thus,  surfaces  of  graphite  precipitate  in  cast  irons 
(except  the  so-called  XX/  "decomposition  graphite"),  surfaces  of  the  ce- 
mentite  and  ferrite  phases  in  granular  or  lamellar  pearlite,  surfaces  of 
twinning  piques  in' copper  or  austenite,  surfaces  of  brittle  equiaxed 
particles  of  nonmetallic  inclusions  (although  the  particles  themselves 
may  be  oriented  as  a  "chain"  in  the  direction  of  rolling)  and  many  others 
may  serve  as  examples  of  systems  of  isometric  surfaces  in  space.  In 
one  and  the  same  complex  structure,  surfaces  of  microparticles  of  certain 
phases  or  structural  constituents  may  be  oriented,  whole  surfaces  of 
microparticles  of  other  constituents  may  be  isometric. 

Plastic  deformation,  carried  out  at  temperatures  sufficiently  low 
to  produce  residual  strain  of  microparticles,  is  responsible  for  the 
appearance  if  space  deformation  of  their  surfaces,  generally  for  a  large 
group  of  microparticles  or  even  for  all  microparticles  without  any  ex¬ 
ception.  It  should  be  noted  that  on  a  flat  section  we  have  frequently 
observed  identical  structure  types  of  the  orientation  of  grain  boundaries, 
whereas  the  space  orientation  of  corresponding  boundary  surfaces  radically 
differs.  Sometimes  an  isometric  system  of  grain  boundaries  may  be  ob¬ 
served  in  a  microsection,  whereas  the  corresponding  surfaces  have  a 


clearly  manifested  spatial  orientation.  For  example,  on  a  transverse 
microsection  of  metal,  deformed  by  drawing,  we  can  observe  an  isometric 
network  of  boundary  lines  on  a  plane  whereas  the  corresponding  boundary 
surfaces  possess  a  quite  considerable  spatial  orientation.  Hence  it  fol- 
flows  that  it  is  important  to  correctly  choose  planes  of  a  microsection 
in  the  case  of  oriented  structures.  For  example,  from  a  transverse 
microsection  of  metal,  deformed  by  drawing  or  by  rolling,  we  cannot  form 
a  correct  idea  either  about  the  true  grain  size  or  about  their  shape. 

In  some  cases  one  microsection  is  not  sufficient  at  all,  in  order  to 
form  an  idea  on  a  three-dimensional  structure  of  an  alloy. 


Fig.  69.  Diagram  of  the  kinds  of  orientation  of  the  systems  of  the  boundary 
surfaces  in  space. 

a  isometric  system;  b— linearly  oriented;  MBR  c--oriented  in  a  plane; 
d — linearly  oriented  and  plane-priented  s/'-tem  of  surfaces 

The  shape  of  grains  subjected  to  various  types  of  plastic  deforma¬ 
tion  changes  to  quite  a  degree.  Drawing  or  rolling  of  rods  of  approx¬ 
imately  equiaxed  cross  section  modified  the  spherical  shape  of  the  grain 
surface,  elongating  it  in  the  direction  of  drawing  or  rolling,  whereas 
the  cross  section  of  grains  in  the  plane  perpendicular  to  this  derection 
is  reduced.  As  a  result,  grains  acquire  shapes  of  more  or  less  elongated 
fibers.  In  this  case  of  deformation,  the  system  of  surfaces  of  micro¬ 
particles  acquires  the  orientation,  the  nature  of  which  is  illustrated 
by  the  schematic  drawing  in  Figure  69d.  In  this  type  of  deformation, 
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a  ceratin  part  of  elements  of  surfaces  of  microparticles,  which  (ele¬ 
ments)  we  regard  as  flat  areas  of  an  infinitely  small  but  similar  size, 
happen  to  he  not  disoriented  hut  parallel  to  the  axis  of  drawing  or  rol¬ 
ling.  In  a  section  perpendicular  to  this  axes,  the  plane  system  of  boun¬ 
dary  lines  appears  isometric  and  grains  appear  equiaxed.  A  system  of 
surfaces  of  this  kind  (Figure  69d)  has  a  linear  (axial)  symmetry,  the  axis 
of  wire  or  rolled  product,  of  equiaxed  cross  section,  being  the  axis  of 
symmetry.  The  structure  in  any  plane  passing  through  the  axis  of  symmetry 
is  statistically  identical. 

A  system  of  surfaces,  similar  to  one  analyzed,  the  elements  of  which 
have  a  preferred  orientation  parallel  to  one  line,  deformation  axis  (which 
we  understand  as  the  direction  of  action  of  the  force  causing  the  de¬ 
formation),  we  shall  call  a  system  of  surfaces  with  linear  orientation. 

The  same  kind  of  orientation  is  observed  in  crystallized  structures: 
the  axis  of  symmetry  of  surfaces  of  columnar  crystallites  is  the  line 
perpendicular  to  the  surface  giving  off  heat. 

The  elongated  shape  of  microparticles  (Figure  69b)  does  not  neces¬ 
sarily  predetermine  the  linear  orientation  or  their  surfaces  (for  example, 
the  structure  of  babbit)  )Figure  4).  It  is  not  the  shape  of  micropar¬ 
ticles  that  is  important  but  the  regularity  of  their  orientation  in  space. 

Basically  the  different  type  of  orientation  of  surfaces  is  produced 
by  compressive  deformation  (upsetting),  which  reduces  the  size  of  micro¬ 
particles  in  the  direction  of  action  of  the  force  and  uniformly  increase 
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their  sizes  in  directions  perpendicular  to  the  deformation  axis.  From 
the  viewpoint  of  space  symmetry,  the  shape  of  flat  grains  and  the  system 
of  surfaces  of  grains  deformed  by  compression  (Figure  69c)  have  the  same 
axial  symmetry  as  the  systems  of  surfaces  with  linear  orientation,  with 
the  axis  of  symmetry  being  also  the  axis  of  deformation,  that  is  the  di¬ 
rection  of  action  of  external  forces. 

Just  as  in  the  case  of  systems  of  surfaces  with  linear  orientation, 
plane  systems  of  boundary  lines  in  cross  sections  perpendicular  to  the  axis 
of  symmetry  are  isometric,  the  grains  are  equiaxed  and  in  cross  section, 
passing  through  the  axis  of  symmetry  or  parallel  to  it,  a  statistically 
identical  structure  is  observed.  Nevertheless  the  difference  in  orien- 


tation  of  surfaces  of  microparticles  of  the  type  shown  in  Figure  69b 
and.  c  attracts  attentions  in  the  first  drawing,  in  the  first  approxi¬ 
mation,  the  oriented  portion  of  the  grain  surface  is  cylindrical  whereas 
in  the  second  type  it  appears  as  plane  areas.  The  principal  difference 
between  these  two  systems  of  surfaces  (Figure  69b  and  c)  is  clearly  man¬ 
ifest  when  the  systems  are  regarded  as  broken  down  into  elementary  plane 
areas,  as  it  was  done  previously.  In  the  case  of  an  isometric  system  of 
surfaces,  these  areas  are  completely  disoriented  in  space;  in  systems 
with  linear  orientation  a  certain  part  of  areas  is  oriented  parallel  to 
the  axis  of  symmetry;  in  the  latter  case  (Figure  69c)  the  oriented  part 
of  areas  is  disposed  perpendicular  to  the  axis  of  symmetry  or  to  the 
direction  of  forces  causing  deformation.  For  this  reason,  this  system 
of  surfaces  we  shall  call  a  system  with  plane  orientation. 

Speaking  of  systems  with  linear  or  plane  orientations,  we  always 
have  in  mind  only  a  partial  orientation  of  a  given  type,  sinco  in  practice 
a  complete  orientation  is  never  encountered. 

Schematic  drawing  of  the  system  of  surfaces,  simultaneously  cor¬ 
responding  to  the  presence  of  both  considered  types  of  orientation, 
linear  and  plane,  is  shown  in  Figure  69d,  This  type  of  a  structure  may 
be  produced  by  forge  rolling,  by  rolling  as  strip,  etc.,  when  micropar¬ 
ticles  are  flattened  and  simultaneously  widened  but  not  to  the  same  degree 
in  the  direction  of  rolling  or  forge  rolling  and  perpendicular  to  it. 

In  this  case,  microsections,  made  in  ail  three  planes  (parallel  to  the 
surface  of  the  strip,  perpendicular  to  it  and  simultaneously  parallel  to 
the  axis  of  rolling,  and  also  perpendicular  to  the  axis  of  rolling)  have 
different  plane  structures. 

From  Figure  69  it  is  apparent  that  there  is  a  great  diversity  of 
grain  shapes  and  systems  of  surfaces  of  microparticles,  which  ic  deter¬ 
mined  by  the  type  of  plastic  deformation  and,  naturally,  by  its  degree. 
Previously  we  have  examined  only  the  simplest  cases,  whereas  in  practice 
there  occur  other,  more  or  less  complex,  types  of  deformation  and, 
correspondingly  more  or  less  complex  types  of  orientation  of  surfaces 
(for  example,  in  torsion,  bending,  removing  of  the  chip  by  different 
types  of  cutting,  etc.). 
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The  type  of  orientation  of  boundary  surfaces  is  the  most  important 
characteristic  of  nonisometric  structures.  With  the  plane  structure 
being  the  same  with  respect  to  quality  as  W6ll  as  quantity,  th6  space 
structure  and,  consequently,  the  behavior  and  property  of  the  metal,  de¬ 
pendent  upon  this  structure,  may  differ  a  great  deal.  For  example,  a 
structure,  shown  in  Figure  64,  may  occur  on  a  microsection  of  metal  which 
may  possess  linear  and  plane  orientations.  The  values  of  specific  surface, 
the  radius  of  its  curvature  and,  consequently,  the  degree  of  thermody¬ 
namic  stability  of  the  structure,  are  precisely  dependent  upon  the  orien¬ 
tation  present  in  a  given  case. 

For  this  reason,  the  value  of  the  grain  axis  ratio  as  a  character¬ 
istic  of  a  plane  structure,  as  was  proposed  by  Te.  Geyn,  F.  Rapatts,  et 
".I.,  is  meaningless  if  we  do  not  know  the  type  of  spatial  orientation  of 
microparticle  surfaces.  At  the  same  time,  many  investigations  frequently 
indicate  the  precise  degree  of  deformation  but  without  mentioning  its 
type,  which  deprives  us  of  the  possibility  of  estimating  the  spatial 
orientation  of  surfaces  at  least  from  the  type  of  deformation  used  and 
responsible  for  this  orientation. 

On  the  basis  of  the  aforementioned  consideration,  we  come  to  the 
conclusion  that  the  magnitude  of  specific  surface  alone  is  not  sufficient 
as  the  characteristic  system  of  boundary  surfaces.  The  quantitative 
evaluation  of  the  degree  of  a  given  orientation  in  terms  of  the  basic 
types,  is  also  needed.  It  is  all  the  more  needed,  for  as  we  shall  see 
further  the  determination  of  the  value  cf  specific  surface  itself  requires 
that  the  type  of  the  orientation  be  known. 
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Section  25.  Measuring  Specific  Surface  by  the  Method  of  Random  Secants 
for  Space 

For  the  measurement  of  extent  of  surfaces  in  spade  we  shall  use  the 
same  principal  which  underlies  the  method  of  measuring  the  length  of 
lines  on  a  plane  by  the  method  of  random  secants.  In  space  there  also 
exists  a  singular  relationship  between  the  mean  number  of  the  intersects 
and  the  value  of  specific  surface  of  a  given  boundary  system.  The  solu¬ 
tion  of  Buffon's  2-dimensional  "needle"  problem,  which  underlies  the 
method  of  random  secants  on  a  plane  must  be  revised  to  be  applicable  to 
a  3-dimensional  space  problem. 

The  analogy  is  confirmed  by  the  complete  agreement  between  the 
dimensionalities  of  quantities  measured  and  calculated  in  both  cases. 

Both  on  a  plane  and  in  space,  the  dimensionality  of  the  mean  number  of 
intersections  per  unit  length  of  secants  is  expressed  in  mm  \  However, 
dimensionalities  of  these  specific  length  of  lines  on  a  plane  (measured 

P  2  -i 

in  mm/mnr)  and  specific  surface  in  space  (measured  in  mm  /mnr)  are  also 
expressed  in  mm~^.  Thus,  the  coefficient  of  proportionality  between  the 
mean  number  of  intersections  per  1  mm  of  lengths  cf  random  secants  and 
the  specific  length  of  lines  on  a  plane,  or  surfaces  in  space,  is  a  non- 
dimensional  quantity. 

The  derivation  of  the  basic  formula  of  the  method  of  random  secants 
for  space,  similar  to  the  corresponding  formula  derived  for  a  plane  (20.7), 
may  be  based  on  any  system  of  surfaces  in  space.  The  surfaces  of  a 
system  may  be  plane  or  curved,  with  any  curvature,  continuous  or  inter¬ 
rupted,  composed  of  individual  surfaces  isolated  from  each  other  bounding 
a  definite  section  of  space  or  leaving  it  open;  the  surfaces  may  inter¬ 
sect  each  other  or  not  come  into  contact  at  all;  the  elementary  areas, 
comprising  surfaces  of  a  system,  may  be  completely  oriented,  that  is, 
lasted  parallel  to  one  (or  several)  planes  or  lines;  they  may  be  oriented 
only  partially  for,  finally,  they  may  be  completely  disoriented.  In 
other  words,  a  system  of  surfaces  may  have  an  absolutely  arbitrary  shape 
as  well  as  location  of  surfaces,  that  is,  of  its  components.  There  is 
only  one  uniquely  essential  requirement;  the  magnitude  of  the  total  area 
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of  a  given  system  of  surfaces  in  a  unit  of  volume  of  the  specimen,  which 
is  being  analyzed,  must  be  representative  of  the  entire  volume  of  the 
aggregate  which  is  the  object  of  studies. 

A  large  numbbr  of  straight  lines  (secants)  are  drawn  through  the 
volume  of  metal  or  alloy,  their  location  being  random  and  their  direc¬ 
tion  random.  Under  these  conditions,  the  mean  number  of  intersections 
of  random  secants  with  surfaces  of  a  given  boundary  system,  in  the  struc¬ 
ture  of  metal,  divided  by  the  unit  length  of  secants  (l  mir),  which  we 
shall  designate  as  m,  will  be  proportional  to  the  value  of  total  surface 
of  boundaries  in  the  unit  volume  of  metal;  i,  e.,  it  will  be  proportional 
to  the  value  of  specific  surface;  it  will  be  dependent  exclusively  upon 
the  latter.  The  relationship  between  these  two  values  is  expressed  by 
the  basic  formula  of  the  method  of  random  secants  for  space: 

£ S  =  2m  mm^/mm^ 

(25.1) 

Let  us  prove  analytically  the  validity  of  Formula  (?5.l).  for  this 
purpose,  we  shall  isolate  a  large  number  of  cylinders  leaving  the  volume 
of  metal  or  alloy  which  is  being  investigated.  The  axes  of  these 
cylinders  will  be  secants  that  we  have  drawn.  The  cross  section  of 
cylinders,  F,  is  assumed  to  be  disappearingly  small,  so  that  when  the 
limit  F  approaches  zero,  the  cylinders  themselves  become  straight  lines 
coinciding  with  the  axes  of  cylinders;  that  is,  secants.  The  total  length 
of  all  random  secants  and,  consequently,  of  all  cylinders  in  the  volume 
of  metal  in  queston  we  shall  designate  as  L. 

Surfaces  of  cylinders  intersecting  boundary  surfaces  of  the  metal 
structure,  found  in  the  volume  in  question,  will  carve  out  a  large 
number  of  elementary  areas  from  boundary  surfaces,  which  we  regard  flat, 
inasmuch  as  the  section  of  cylinders,  F,  approaches  zero.  In  that  case, 
the  shape  of  these  elementary  areas  will  be  elliptical.  Let  us  desig¬ 
nate  the  total  number  of  these  elementary  ellipses  as  Z;  their  areas  as 
Sp  ....  Sz;  and  acute  angles,  formed  by  the  areas  to  the  axes 

of  cylinders  as  Y}’  ••••  Y  z»  respectively.  Then  we  may 

write  Z  number  of  similar  equations: 

si  =  51*77  5  s2  =  iiihr; ;  s3 =  drf~ ; 


and  so  on 


Hence  we  find  the  total  area  of  all  elementary  areas  carved  out  by  the 
cylinders: 


*£n?i 


S.  +S2  +  S  +  ...  5  =  F/ + 


1 

iinr  2 


__i _ +  __i_„  +  + 

sinyg  sinY3 

(25.2) 


The  total  volume  of  all  cylinders  is  obviously  FL.  Since  a  large 
number  of  cylinders  were  taken  and  they  were  located  periodically  and 
randomly  throughout  the  entire  volume  subject  to  investigation,  now  we 
may  believe  that  the  total  area  of  body  surfaces  found  within  the  cylin¬ 
ders,  divided  by  their  total  volume,  corresponds  to  the  value  of  specific 
boundary  surface  characteristic  for  the  entire  volume  of  metal  in  question, 
that  is  to  the  value  of  S.  Therefore, 

S  +  S0  +  S  +  , , .  +  S 
o_123  z  _ 


FL 


_  1 

L 

ii  i  \ 

~  L 

( sin) 

-j  ♦  srny-  +  nr ft  -  sin  ft 

• 

In  the  limit,  when  the  cross  section  of  cylinders,  F,  is  reduced 
to  zero,  the  cylinders  will  be  straight  randomly  directed  lines  (random 
secants)  and  the  total  number  of  elementary  areas,  Z,  carved  out  by  the 
cylinders,  divided  by  the  total  length  of  all  secants,  L,  will  be  equal 
to  the  mean  number  of  intersections  of  the  secants  with  surfaces  of 
structural  boundaries  divided  by  unit  length  of  secants;  that  is,  it  will 
be  equal  to  m.  For  this  reason, 


(25.3) 


Since  the  cylinders,  carved  out  in  space,  are  directed  randomly 
and  chaotically,  any  position  of  a  cylinder  axes  with  respect  to  elemen¬ 
tary  areas  carves  by  it,  estimated  by  angle  Y  ,  is  equally  probable. 

For  this  reason,  the  part  of  the  equation  (25.3)  found  in  brackets  and 
designated  as  B  is  the  mean  reciprocal  value  of  the  sine  of  angle  Y 
formed  by  the  axes  of  cylinders  and  elementary  areas;  this  angle  varies 


between  zero  and  .  Let  ue  find  the  value  of  B,  assuming  that  any 
value  of  angle  y  is  equally  probable,  with-in  the  afore-mentioned  limits. 

We  choose  a  system  of  rectangular  coordinates  with  axes  x,  y,  and 
z,  with  the  radius-vector  (the  length  of  which  is  equal  to  unity) 
through  the  origin  of  coordinates.  The  coordinates  of  the  second,  non¬ 
stationery  end  of  the  radius-vector,  we  shall  designate  as  x,  y,  and  z. 
Let  the  angles,  formed  by  the  radius-vector  and  coordinate  planes  yz, 
xz,  and  xy  respectively,  be  equal  to  c>c  ,  ^  ,  and  y  . 

Now,  by  simple  geometrical  relations  we  find  the  value  of  the  sine 
of  angle y  formed  by  the  coordinate  plane  xy  and  the  radius-vector, 
as  a  function  of  direction  of  the  vector  in  space,  determined  by  coordi¬ 
nates  of  its  nonstationery  end: 


It  is  obvious  that  the  choice  of  any  of  the  three  angles,  formed  by  the 
radius-vector  and  coordinate  axes,  is  equally  correct,  and  identical 
results  would  be  obtained  in  all  three  cases.  The  reciprocal  value  of 
the  sine  of  the  chosen  angl9  will  be  equal; 

^7  •  (25.4) 

The  mean  reciprocal  value  of  the  sine  of  angle  we  shall  find  by 

integrating  the  function  (25.4)  within  the  limits  of  the  first  octant  of 

the  coordinate  system,  using  the  theorem  of  the  mean  value  of  a  function; 

X  Y 1'^ 

/l  o 


dx  ,  dy 


0  (25.5) 

As  a  result  of  integration  of  function  (25.5)  within  the  above-mentioned 
limits,  we  derive  the  exact  figure  w.  By  substituting  this  value  of  the 
coefficient  B  into  Formula  (25.3),  we  finally  derive  the  basic  formula  on 
the  method  of  random  secants  for  space: 

y  S  =  2m  mm^/mur  , 

exactly  in  the  form  presented  (25.1). 
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This  formula  is  applicable  for  any  system  of  surfaces  in  space  under 
the  condition  of  equal  probability  of  the  direction  of  secants,  for  whj.ch 
addition  was  used  as  a  basis  for  the  derivation  of  values  of  coefficient 

B. 

However,  to  satisfy  this  only  requirement  under  conditions  of  3- 
dimensional  space  is  far  from  being  simple,  in  contrast  to  the  analyses 
by  the  method  of  random  secants  on  a  plane.  The  specimens  used  in  metal- 
lographic  investigations  are  not  transparent.  For  this  reason,  it  is 
impossible  to  draw  random  secants  in  the  volume  and  to  calculate  direct¬ 
ly  the  produced  intersections  between  secants  and  boundary  surfaces.  It 
is  true  that  it  would  be  possible  to  prepare  a  quite  large  number  of  micro¬ 
sections,  through  the  specimens  of  the  investigation,  locating  them 
uniformly  in  all  possible  directions,  and  having  drawn  one  or  several 
secants  on  each  microsection,  we  find  the  total  mean  value  of  the  number 
of  intersections  per  1  mm  of  length  of  secants  for  all  microsections, 
which  mean  value  would  be  characteristic  for  the  entire  subject  as  a 
whole.  However,  this  method  is  extremely  inefficient,  although  it  may 
be  realized.  For  this  reason,  we  have  to  find  some  means  for  the  appli¬ 
cation  of  the  derived  basic  formula,  which  would  permit  us  to  limit  the 
analysis  to  the  plane  of  the  microsection  instead  of  in  space.  In  this 
case,  the  number  of  required  microsections  should  be  minimum. 

The  mean  number  of  intersections,  m,  is  independent  of  the  shape  of 
secants  drawn  in  space;  they  may  be  not  only  straight  but  also  curves 
having  a  bound  or  open  contour  line  in  the  plane,  or  they  may  be  space 
curves.  The  equal  probability  of  the  direction  of  secants,  needed  for 
the  coefficient  B  to  be  equal  to  the  value  calculated  by  us,  is  absolutely 
identical  to  the  requirement  of  equal  probability  for  any  angle  with  which 
the  secant  intersects  the  surface.  If  the  angle  with  which  the  secant 
intersects  the  surface,  assumes  all  possible  values,  then  the  validity 
of  Formula  ( u 5 . 5 )  is  completely  retained.  Let  us  examine  under  what 
conditions  the  equal  probability  of  any  angle,  at  which  the  secant  inter¬ 
sects  a  small  elementary  area  (into  which  we  can  break  down  any  system 
of  boundary  surfaces),  is  maintained. 

Let  us  assume  that  all  elementary  areas  or  at  least  a  definite 
fraction  of  them  have  a  regular  spatial  orientation,  for  example,  para- 


l 


llel  to  a  certain  one  or  several  planes  or  lines.  In  that 
case  the  equal  probability  of  any  angle,  at  which  the  secants  intersect 


elementary  areas,  is  satisfied  only  in  the  case  when  any  direction  in 
space  of  secants  themselves  is  equally  prabable.  If  all  of  the  elemen¬ 
tary  areas  are  completely  oriented  in  space,  then  a  system  of  arbitrarily 
directed  secants  or  even  only  one  straight  or  curved  secant,  possessing 
a  sufficient  length,  assures  us  that  any  angle  of  intersection  with  ele¬ 
mentary  areas  may  be  obtained  with  equal  probability.  In  other  words, 
of  the  two  systems  which  are  simultaneously  present  in  the  space  which  is 
being  examined  (systems  of  elementary  areas  into  which  we  broke  down  the 
analyzed  boundary  surfaces  and  systems  of  secants),  at  least  one  must  be 
disoriented  in  space  and  randomly  and  periodically  directed. 

In  a  system  of  surfaces  isometric  in  space,  the  mean  number  of  inter¬ 
sects  per  1  mm  of  length  on  any  secant,  directed  arbitrarily,  will  be 
one  and  the  same.  Therefore,  random  secants  may  be  arranged,  in  parti¬ 
cular,  in  one  plane  and  consequently,  to  limit  the  analyses  only  to  one 
microsection. 

By  intersecting  the  isometric  system  of  boundary  surfaces  by  a  plane 
we  obtain  a  plane  structure  with  equiaxed  grains,  similar  to  one  shown 
in  Figure  49.  Traces  of  intersections  of  grain  boundary  surfaces  on  an 
arbitrarily  located  plane  of  the  microsection  create  on  it  an  isometric 
system  of  boundary  lines.  For  this  reason,  the  mean  number  of  intersec¬ 
tions  per  1mm  of  length  of  secants,  determined  on  several  microsections 
the  planes  of  which  are  arbitrarily  directed,  will  happen  to  be  the  same 
for  all  the  microsections  and,  consequently,  the  actual  number  of  inter¬ 
sections,  m,  for  a  system  of  boundary  surfaces  of  the  subject  as  a  whole. 

Hence,  it  follows  that  the  method  of  random  secants  for  space  and 
its  basic  formula  (25.1)  are  directly  applicable  for  the  study  of  spatial 
isometric  systems  of  boundary  surfaces. 

Therefore,  in  many  instances,  which  occur  in  metallographic  practice, 
the  mean  number  of  intersections  may  be  determined  on  a  single  micro¬ 
section,  as  has  been  described  for  plane  systems  of  boundary  lines.  For 
example,  for  the  afore-mentioned  Figure  49 >  the  mean  number  of  intersec¬ 
tions,  n,  on  the  plane  of  the  microsection  is  found  to  be  equal  to  11.6 


mm--*-  to  -1  (see  Table  23).  Therefore,  the  specific  surface  of  grain 
boundaries  in  this  case  is 


£  S  =  2  .  11.6  =  23.2  mm"'/mm^  . 

The  area  of  graphite  flakes  in  1  mm^  of  gray  iron,  the  structure  of  which 

is  shown  in  Figure  51  *  similarly  happens  to  be  20,0  mm  and  the  specific 

2  ^ 

surface  of  graphite  is  40.0  mm  /mm  , 

Prior  to  applying  the  above-described  methods  and  Formula  (25.1), 
it  is  necessary  to  prove  that  the  system  of  boundary  surfaces,  which  is 
of  interest  to  us,  is  actually  isometric  in  space.  Here  it  should  be 
kept  in  mind  that  the  isometricity  of  a  given  system  of  boundary  lines 
on  a  microsection  does  not  prove  that  boundary  surfaces  are  spatially 
isometric.  For  example,  the  system  of  boundary  lines  on  a  transverse 
microsection  of  a  round  or  a  wire  is  isometric,  but  the  spatial  iso¬ 
metricity  of  boundary  surfaces  must  be  confirmed  by  the  same  isometri¬ 
city  of  a  system  of  lines  on  a  longitudinal  microsection. 

We  must  warn  that  it  remains  to  be  shown  that  Formula  (25.1) 
is  valid  and  universal  for  any  systems  of  surfaces  in  space,  since  the 
coincidence  of  the  mean  number  of  intersections  determined  on  a  plane  of 
microsection,  and  the  value  in,  which  i3  found  in  Formula  (25.1),  occurs 
only  for  systems  with  isometric  surfaces  in  space.  For  these  systems, 
we  can  write : 


as  follows  from  Formulas 


m  =  £!  = 

2  -7 r  ’ 

(20.6)  and  (25.1). 


Hence  it  follows  that 


S  =  £  P  =  1.273  C  P  ™i_1  • 

(25. 

The  latter  relationship  shows  that  the  assumption  made  by  I.  P. 
Lipilin  [129],  as  a  first  order  approximation,  that  the  total  length  of 
boundary  lines  on  a  microsection  is  proportional  to  the  total  grain 
surface  in  a  volume,  happens  to  be  absolutely  invalid.  The  condition  for 
the  validity  of  this  postulate  and  for  Formula  (25.6)  is  the  isometricity 
of  a  system  of  grain  boundary  surfaces  (or  of  microparticles  of  structural 
constituents)  in  space. 


The  validity  of  the  method  of  random  secants  and  that  of  its  basic 


formula  for  a  plane  could  be  very  nicely  experimentally,  since 

the  length  of  lines  on  a  plane  maj|J  be  measured  by  several  different 
methods.  The  experimental  verification  of  the  method  and  formula  (25.1) 
for  the  case  of  3-dimensional  space  presents  a  different  problem,  for 
besides  the  method  of  random  secants  there  are  no  other  methods  permit¬ 
ting  control  measurements  of  the  length  of  complex  surfaces.  For  this 
reason,  the  validity  of  the  method  for  space  connot  be  verified  experi¬ 
mentally  on  a  wide  number  of  surface  systems  characterized  by  different 
geometrical  shapes  and  space  distribution. 

Besides  the  existing  complete  analogy  with  corresponding  postulates 
for  a  plane,  the  validity  of  the  method  and  of  the  formula  of  random 
secants  for  space  is  confirmed  experimentally  on  two  specific  structures 
distinguished  by  a  definite  geometrical  regularity  which  makes  it  pos¬ 
sible  to  measure  the  specific  surface  by  other  methods.  Such  types  of 
structures  are  structures  of  lamellar  and  granular  pearlites,  the  methods 
for  measuring  the  specific  surfaces  of  these  boundaries  of  which  have 
been  considered  previously  in  Section  18. 

For  lamellar  pearlite,  Formula  (l8.l),  based  on  considerations  of 
the  geometry  of  pearlite  structure,  consisting  of  alternating  platelets 
of  ferrite  and  pearlite  each  pair  of  which  has  the  same  thickness  within 
the  limits  of  a  given  volume,  is  valid: 

rs,,  =  £  S„Qm  =  -7-  mm^/mm^  , 

"  ier  «  cem  4  ’ 

c 

where  Aq  is  the  distance  betwee  .  the  platelets,  in  mm.  If  the  basic 
formula  of  the  method  of  random  secants  is  valid,  then  by  comparing  the 
latter  formula  with  Formula  (25. l)  it  is  possible  to  establish  the  rela¬ 
tionship  between  the  mean  number  of  intersections  per  1  mm  of  length  of 
secants,  m,  and  the  value  of  interlamellar  distance: 


The  mean  number  of  cementite  platelets  intersected  by  the  random 
secants  on  a  microsection  of  eutectoid  steel,  then  equals  Z  per  1mm  of 
length  of  secants.  In  this  case  we  assume  that  the  secants  pass  through 
a  sufficiently  large  number  of  pearlite  grains  and  roughly  into  platelets 
at  all  possible  angles  to  their  planes,  since  the  structure  of  lamellar 


pearlite  is  isomeLric  in  space.  In  that  case,  the  mean  number  of  inter¬ 
sections  of  secants  with  cementite-ferrite  interfaces  will  be  twice  as 
large  as  the  number  of  intersected  platelets,  Z,  inasmuch  as  each  plate¬ 
let  is  intersected  by  a  secant  at  two  points  of  its  plane.  Therefore, 


m  =  2Z  mm  \  (25.8) 

0 

Let  us  designate  as  ^ the  value  of  mean  intercept  of  secants  be¬ 
tween  the  edges  of  adjacent  cross  sections  of  cementite  platelets  (or 
of  ferrite),  on  planes  intersected  by  secants  at  all  possible  angles, 
as  shown  in  Figure  70.  This  value  obviously  is 


mm. 


(25.9) 


Comparing  A  with  Formula  (25.8)  we  derive: 


2  -1 
m  =  -T-  mm 


(25.10) 

How,  by  removing  the  quantity  m  from  Formulas  (25.7)  and  (25.10)  we 
find  the  relationship  between  the  mean  length  of  that  intercept  on  secants, 
/\,  measured  on  the  plane  of  a  microsection  as  shown  in  Figure  70, 
and  the  actual  value  of  the  interplatelet  distance: 

Z\=  2A  .  (25.11) 


Fig.  70.  Structure  of  lhminar  perlite  and  an  internetting  straight  line. 

The  investigation  carried  out  by  M.  Gensamer  and  his  associates  has 
established  from  the  results  of  careful  measurements  that  the  mean  distance 
between  the  edges  of  cross  sections  of  adjacent  cementite  platelets  on 
a  microsection,  which  varies  with  the  direction  that  may  be  perpendicu¬ 
lar  to  the  cross  section  of  platelets  or  parallel  to  it,  is  1,9  to  2.0 
times  treater  than  the  actual  interplatelet  distance  (directly  measured 
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in  the  same  grains  of  pearlite  whose  platelets  are  perpendicular  to 
the  plane  of  the  microsection)  [1223.  \J  that  the  value  measured 

by  M.  Gensamer,  et  al.,  is  identical  to  the  one  which  we  have  desig¬ 
nated  as 

The  coefficient  of  proportionality  between  the  quantity  and 
interplatelet  distance  Aqi  experimentally  found  by  M,  Gensamer  and 
his  associates,  is  1,9  to  2.0.  Precise  mathematical  calculations,  pre¬ 
sented  above  based  on  the  formula  of  the  method  of  random  secants  for 
space  (25.1),  gives  the  value  of  this  coefficient  as  2.  This  agreement 
between  experimental  and  calculated  data  concerns  the  validity  of  the 
method  of  random  secants  for  a  spatially  isometric  system  of  surfaces 
of  phase  boundaries  in  lamellar  pearlite.  It  i3  obvious  that  the  method 
applied  by  M.  Gensamer  and  his  associates  is  a  specific  case  on  the  uni¬ 
versal  method  of  random  secants. 

When  cementite  or  carbides  in  steel  are  spheroidal,  their  specific 
surfaces  may  be  measured  by  several  methods  distinguished  by  a  different 
degree  of  accuracy  (see  Section  18).  The  most  accurate  results  are 
produced  by  calculations  based  on  the  number  of  carbide  grains  per  unit 
volume  and  distribution  of  their  size,  which  can  be  determined  by  the 
method  of  E.  Scheil,  Comparative  measurement  of  specific  surface  by 
this  method  and  by  the  method  of  random  secants,  carried  out  by  M.  Ye. 
Blanter,  concerned  the  validity  of  the  method  for  this  type  of  struc¬ 
tures  [140],  Similar  verification  by  producing  the  same  results,  was 
carried  out  by  S.  Z,  Bokshtein  [183], 

Thus,  experimental  verification  of  the  method  of  random  secants 
for  space,  carried  out  on  2  types  of  structures,  which  permit  measure¬ 
ments  of  specific  surface  by  other  methods,  confirms  the  validity  of 
the  method  itself  and  of  its  basic  formula  for  space.  It  is  noteworthy 
that  over  a  short  space  of  time,  less  than  10  years,  the  method  of 
random  secants  for  space  has  been  developed  three  times  [58,  59,  131, 

43,  14l].  This  shows  how  great  is  the  need  for  experimental  measure¬ 
ment  of  metal  science. 

The  experimental  confirmation  of  Formula  (25.1)  also  automatically 
confirms  the  validity  of  Formula  (25.6),  which  establishes  a  direct 
proportionality  between  the  values  of  the  specific  surface  of  boundaries 


in  space  and  the  specific  length  of  corresponding  boundary  lines  on  a 
plane,  which  is  valid  for  surfaces  that  are  iso:netric  in  space.  On 
the  basis  of  this  relationship,  the  values  of  specific  surfaces  of  grain 
boundaries  have  been  determined  for  all  eight  numbers  of  grain  size 
specified  by  the  standard  scale  in  GOST  5639-51.  It  should  be  kept  in 
mind  that  the  specific  surface  may  differ,  even  if  the  number  of  planar 
grains  per  unit  area  of  the  microsection  are  the  same,  for  there  is  no 
singular  relationship  between  any  two  of  these  values.  Therefore,  the 
figures  made  by  us  and  shown  in  Table  25  are  valid  only  for  concrete 
structures  on  a  standard  scale. 
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For  a  rapid,  but  approximate,  determination,  of  the  value  of 
specific  surface  of  grain  boundaries  we  have  developed  a  special  scale. 
The  evaluation  of  this  scale  is  carried  out  by  means  of  visual  compari¬ 
son  of  the  picture,  visible  through  the  microscope  or  on  a  photomi¬ 
crograph,  and  the  scale  shown  in  Figure  71.  In  contrast  to  the  standard 
scale,  which  has  a  step-like  representation,  the  proposed  scale  de¬ 
scribes  the  structure  with  a  continuously  and  smoothly  changing  value  of 
the  specific  grain  surface  [142],  Values  of  the  specific  surface, 
given  on  the  right,  correspond  to  each  horizontal  section  of  the  scale, 
if  the  magnification  of  the  structure,  which  is  being  analyzed,  is  100, 
200,  1,  and  500.  At  other  magnifications  the  value  of  specific  surfaces, 
derived  from  the  scale,  must  be  divided  by  100  and  multiplied  by  the 
actual  magnification  at  which  the  structure  was  examined. 


Section  26.  Measuring  the  Specific  Surface  by  the  Method  of  Directed 


Secants  for  Space 


As  it  has  been  previously  mentioned,  the  basic  formula  of  the 
method  of  random  secants  for  space  is  universal  and  valid  for  any  sys¬ 
tem  of  surfaces.  However,  its  application  for  cases,  when  system  of 
surfaces  are  not  isometric  in  space,  is  difficult  due  'o  the  fact  that 
the  determination  of  the  mean  number  of  intersections,  m,  requires  that 
secants  must  be  arranged  in  space  in  different  directions.  Therefore, 
to  determine  the  mean  number  of  intersections  which  would  characterize 
the  entire  space  system  of  boundaries  as  a  whole,  theoretically  an 
infinitely  large  number  of  microsections  with  planes  differently  oriented 
in  space,  is  needed;  in  practice  the  number  of  such  microsections  should 
be  at  least  six.  Although  the  application  of  formula  (25.1 )  in  the 
case  of  space  oriented  systems  of  surfaces  is  theoretically  valid  and 
permissible,  due  to  the  aforementioned  reason  in  practice  it  is  more 
expedient  to  use  varieties  of  the  method  of  random  secants  developed 
for  the  application  to  oriented  systems  of  boundary  surfaces.  Such 
methods  have  been  proposed  by  us  [59,  60]  and  by  A.  G.  Spektor  [61], 

When  applying  these  methods,  the  secants  are  arranged  not  randomly  but 
are  directed  in  a  definite  manner  and  rectilinear  secants  are  used  ex¬ 
clusively.  For  this  reason,  methods  of  this  kind,  in  contrast  to  methods 
of  random  secants,  may  be  grouped  together  under  the  name  of  methods 
of  directed  secants. 

The  method  of  A.  G.  Spektor  is  intended  for  the  measurement  of 
specific  surface  of  boundary  systems  having  a  special  axis  of  symmetry. 
According  to  our  classification  (see  Section  24)  structures  of  this 
type  belong  to  systems  of  boundary  surfaces  having  either  linear  or 
plane  orientation  (but  not  both  types  of  orientation  simultaneously). 

For  systems  of  surfaces  having  an  axis  of  symmetry,  the  mean  number 
of  intersections,  just  as  for  any  other  system,  is  singularly  defined 
by  the  value  of  a  specific  surface  in  accordance  with  the  basic  formula: 


m  =  \  mm' 


(26.1) 


Moreover,  in  this  case  the  number  of  intersections  at  individular  se¬ 
cants  is  toe  function  of  angle^^  formed  by  these  secants  and  the  axis 
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of  symmetry. 

The  number  of  intersections  per  unit  length  of  the  secant,  found 

within  the  elementary  solid  angle  dw,  the  apex  of  which  lies  on  the 

axis  of  symmetry,  will  be: 

xTf 

1  \  a 

m  =  i  m  (w)  dw. 

?7T  J  (26.2) 


The  magnitude  of  the  elementary  solid  angle  dw  is  defined  by  the  dif¬ 
ferentials  of  two  angles,  angle  formed  by  the  secant  and  the  axis 
of  symmetry,  and  angle  ,  which  determines  the  rotation  of  the  plane, 
in  which  the  secant  lies,  about  the  axis  of  symmetry.  In  conformance 
with  the  rule  of  computation  of  mean  values  of  directed  quantities, 
we  have :  „  .-t-. 


^  I  / 

m  =  m  (  sin  g  .  d  J  .  d  (0  . 
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,  &  (26.3) 
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Inasmuch  as,  for  the  type  of  surface  systems  in  question,  the 


structure  is  identical  in  any  plane  passing  through  the  axis  of  symmetry 
(or  parallel  to  it),  the  number  of  intersections  is  dependent  only  upon 
the  magnitude  of  angle  /?  and  is  independent  of  angle  (ft ,  which  de¬ 
termines  the  rotation  of  the  secant  about  the  axis  of  symmetry.  For 
this  reason,  expression  (26.3)  is  converted  into  the  following  expres- 


m  =  ---  2  /  m  (  •?■  )  sin  y  ,  d  = 

2  r  i  /"  /’  J 


( jg  )  ain^d,,) 


(26.4) 


By  bringing  from  Formula  (26., 4)  the  value  of  the  mean  number  of 
intersections,  derived  for  the  case  of  axial  symmetry  of  boundary  sur¬ 
faces,  into  the  basic  formula  (26.1),  v/e  derive: 


=  2  m  (  v  )  sin  .  ig  , 

4,  ' 

or  in  a  more  convenient  form  for  calculations: 

% 

p 

5)  S  =  2  m  (  )  d  [cosy  ], 


(26.5) 


(26.6) 


The  latter  formula  is  the  working  formula  for  the  measurement  of 
specific  surface  of  boundary  systems  with  an  axial  symmetry  by  the 


method  of  A.  G.  Spektor.  The  mathematical  derivation  of  Formula  (26.6) 
is  rigorous  without  any  approximations  or  assumptions  which  would  re¬ 
flect  on  the  accuracy  of  calculations  of  the  specific  surface. 

A  microsection,  whose  plane  intersects  the  axis  of  symmetry  or  is 
parallel  to  it,  is  used  in  practical  applications  of  Formula  (26.6). 

For  articles,  produced  hy  rolling  or  drawing,  which  have  an  equiaxed 
cross-section  profile,  the  plane  of  the  microsection  must  intersect 
the  axis  of  the  rod,  which  is  precisely  the  axis  of  symmetry  of  the 
structure.  For  sheets  the  plane  of  the  microsection  is  arranged  per¬ 
pendicular  to  the  surface  on  a  3keet  and  the  axis  of  symmetry  is  also 
perpendicular  to  the  plane  of  the  sheet;  in  the  latter  case  Formula 
(26.6)  is  applicable  if  the  system  of  measured  boundaries  is  isometric 
in  the  plane  of  the  sheet  and  the  grains  are  equiaxed,  that  is,  there 
is  no  linear  orientation,  but  only  plane  orientation.  In  specimens 
deformed  by  upsetting,  the  plane  of  the  microsection  must  coincide  with 
the  axis  of  the  specimen  (or  with  the  direction  of  action  of  external 
compressive  forces),  which  is  precisely  the  axis  of  symmetry. 

Several  groups  of  secants  are  marked  on  the  microseetion,  and  a 
definite  angle  formed  by  the  axis  of  symmetry  and  the  direction  of  se¬ 
cants  of  a  given  group,  is  maintained  in  each  group.  Among  chosen  di¬ 
rection  of  secants,  two  must  be  always  present,  perpendicular  and  parallel 
to  the  axis  of  symmetry.  In  addition  to  these  several  other  directions 
are  chosen  and  the  number  of  which  is  determined  by  the  need  for  a 
smooth  plotted  curve.  For  secants  of  each  group,  a  mean  number  of 
intersections  per  1  mm  of  their  lengths,  is  calculated  separately.  A 
graph  with  coordinates  "cosine  of  angle  formed  by  secants  and  the  axis 
of  symmetry  versus  mean  number  of  intersections  in  a  given  direction" 
is  plotted  from  the  data  obtained.  After  that  graphical  integration 
is  carried  out:  the  area  under  the  plotted  curve  is  determined  from 
the  graph,  which  is  equal  to  the  mean  number  of  intersections,  defined 
by  Formula  (26,4)  or  to  the  half  of  the  value  of  the  specific  surface, 
define!  by  Formula  (26.6).  By  doubling  the  found  value  we  find  the  un¬ 
known  specific  surface. 

Let  us  consider  an  example  given  in  the  paper  by  A.  G.  Spektor 
[61].  The  specific  surface  of  the  interface  between  pearlitic  ar.d  fer- 


ritic  constituents  v/as  measured  in  the  central  portion  of  a  cross 


section  of  preannealed  steel  wire  after  it  had  been  drawn  from  5.5  mm 
to  3.8  mm  ir.  diameter,  The  obtained  mean  number  of  intersections,  m 
(j3 ) ,  for  each  of  seven  directions,  characterized  by  angle  ^formed 
by  the  intersection  and  the  axis  of  the  wire,  are  listed  in  Table  26. 
The  graph  of  the  relationship  between  the  mean  number  of  intersections 
and  the  cosine  of  angle  /9  is  given  in  Figure  72.  The  area  under  the 
curve,  shaded  in  the  drawing,  is 


m  =  m  (g  )  d  [cos^f]  =  252  mm  *  . 


To  find  the.  specific  surface,  we  double  the  latter  figure  and  find: 


£S  =  2.252  =  504  mm2/mm3 


Table  26 
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In  the  example  considered,  the  system  of  boundary  surfaces  between 
pearlitic  and  ferritic  constituents  is  linearly  oriented,  according  to 
our  classification. 
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Fig.  72.  Determining  spatially  the  average  number  of  intersections  for  the  structuB 
symmetrical  relative  l’o  the  axis  (A.  G.  Spector  /~6l_7) 

Fig.  73.  Determining  spatially  the  average  number  of  intersections  for  the 
structure  symmetrical  relative  to  the  axis  (sheet  rolling),  by  the 
method  of  A.  G.  Spektor. 

Let  us  cite  another  example  for  a  case  of  plane  orientation.  7e 


have  carried  out  measurements  on  a  specimen  of  sheet  transformer  steel 
with  the  structure  of  silicon  ferrite,  the  grain  surfaces  of  which 
have  a  plane  orientation  (that  is,  preferred  orientation  parallel  to 
the  surface  of  the  sheet).  In  planes  which  are  parallel  to  the  surface 
of  the  sheet,  the  structure  is  isometric.  In  this  case,  the  axis  of 
symmetry  of  the  structure,  as  well  as  the  plane  of  the  microsection, 
are  disposed  perpendicular  to  the  surface  of  the  sheet.  The  number  of 
intersections  was  calculated  on  secants  the  direction  of  which  with 
respect  to  the  axis  of  symmetry  varied  with  interval  of  10  degrees. 

The  obtained  mean  numbers  of  intersects  for  each  direction  are  listed 
in  Table  27.  For  graphical  integration  a  graph  has  been  plotted  of 
the  relationship  between  the  number  of  intersections  and  the  cosine 
of  angle  /?  ,  which,  as  it  may  be  seen  in  Figure  73,  may  be  regarded 
as  rectilinear.  The  slope  of  the  line  is  opposite  to  the  one  which 
took  place  in  linear  orientation  (Figure  72),  which  is  understandable: 
in  a  rod  or  wire  the  highest  number  of  intersections  occurs  on  secants 
perpendicular  to  the  axis  of  symmetry  (that  is  to  the  axis  of  the  wire 
or  rod),  whereas  in  a  sheet  it  occurs  on  secants  parallel  to  this  axis 
(that  is  perpendicular  to  the  plane  of  the  sheet).  By  measuring  the 
area  under  the  graph  in  Figure  73,  which  is  made  easier  due  to  the 
fact  that  it  is  rectilinear,  we  find  that  the  mean  number  of  inter¬ 
sects  is  9.6  mm-1.  By  doubling  this  number,  we  derive  19.2  mm'^/mm^, 
which  is  the  specific  surface  of  grains  of  silicon  ferrite. 

In  practice,  calculations  of  the  number  of  the  intersections 
on  different  directed  secants  can  be  more  readily  conducted  if  the 
microscope  has  a  rotating  stage  with  a  scale  graduated  in  degrees, 
as  for  example  microscopes  i!  IT  -2,  K'  "T  -3,  and  others,  Satisfactory 
results  are  produced  when  an  attachable  rotating  ring  with  a  scale 
graduated  in  degrees  is  used.  This  ring  goes  with  M  7.  M-7  microscopes 
but  can  be  used  v/ith  any  other  metallographic  microscope. 

'.Ye  have  developed  two  variants  of  the  analyses  by  a  method  of 
directed  secants.  One  of  these  methods  (the  method  of  oblique  micro- 
sections)  makes  possible  to  determine  only  the  total  value  of  the 
specific  surface.  The  second  method  (the  method  of  directed  secants 
for  space),  besides  that,  makes  it  possible  to  estimate  quantitatively 
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the  orientation  of  surfaces  of  a  system  [59 >  60],  Both  methods  are 
based  on  the  assumption  that  a  real  system  of  oriented  boundary  sur¬ 
face?  may  be  regarded  as  consisting  of  two  systems  of  which  one  is 
completely  isometric  and  the  second  is  completely  oriented. 

A.  Linear  Orientation  of  Boundary  Surfaces 

By  breaking  up  boundary  surfaces  into  equal,  infinitely  small 
elementary  areas,  in  conformance  with  the  original  assumption,  we 
take  that  a  certain  number  of  these  areas  are  disposed  parallel  to 
the  orientation  axis,  whereas  the  rest  of  areas  are  completely  dis¬ 
oriented  in  space  and,  consequently,  represent  an  isometric  system. 

In  rolling  rounds  of  equiaxed  cross  section,  in  drawing  rounds  or 
drawing  wire,  the  axis  of  orientation  coincides  with  the  axis  of 
produced  round  or  wire. 

The  total  surface  of  the  isometric  number  of  elementary  areas  may 
be  calculated  from  the  basic  formula  of  the  method  of  random  secants 
for  space  (25.1)  under  the  condition  that  we  know  the  mean  number  of 
intersections  only  and  exclusively  with  those  elementary  areas  which 
are  disposed  isometrically.  Let  us  consider  a  case  when  the  secants 
are  directed  precisely  parallel  to  the  orientation  axis.  Areas  with 
linear  orientation  are  also  disposed  parallel  to  this  axis,  therefore, 
secants  of  chosen  direction  cannot  intersect  them.  Consequently,  the 
mean  number  of  intersections  on  secants,  parallel  to  the  orientation 
axis,  is  determined  exclusively  by  the  number  of  isometric  areas. 
Therefore,  having  determined  the  mean  number  of  intersections  per  1  mm 
length  of  secants,  parallel  to  the  orientation  axis  which  we  shall 
designate  as  m„,  we  can  from  Formula  (25.1)  find  directly  the  specific 
surface  of  tho  isometric  number  of  boundary  surfaces: 


=  2  m„ 


(26.7) 


Now,  let  us  determine  the  specific  surface  of  the  oriented  portion 
of  boundary  surfaces.  Inasmuch  as  the  elementary  areas  of  this  portion 
are  parallel  to  the  orientation  axis,  they  are  simultaneously  perpen¬ 
dicular  to  any  plane  located  at  a  right  angle  to  this  axis,  that  is, 
they  are  perpendicualr  to  the  plane  of  any  transverse  microsection  of  a 
round  or  wire.  On  a  longitudinal  microsection,  the  plane  of’  which  in¬ 
tersects  the  symmetry  axis,  or  is  parallel  to  the  latter,  traces  of 
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areas  with  linear  orientation  form  a  system  of  lines  parallel  to  the 
orientation  axis.  Let  us  place  on  the  longitudinal  microsection  secants 
perpendicular  to  the  orientation  axis  and  let  us  determine  the  mean 
number  of  intersections  per  1  mm  of  their  length,  mM.  These  secants 
willinter3ect  both  the  oriented  and  isometric  elementary  areas.  However, 
inasmuch  as  we  know  the  mean  number  of  intersections  with  the  iso¬ 
metric  portion  of  areas,  m  ,  which  is  independent  of  direction,  we  can 
determine  from  the  difference  the  number  of  intersections  only  with 
the  oriented  portion  of  areas.  It  will  be 

-  m|(  .  (26.8) 

Traces  of  areas  with  linear  orientation  form  on  the  transverse 
microsection  boundary  lines,  whose  length  will  be  defined  by  the  basic 
equation  of  the  method  of  random  secants  for  a  plane  (20.7) ! 

% P,  =  ~~  (m,  -  m„)  mm/mm2  . 
lin  2  £ 

On  the  basis  that  the  length  of  traces  of  areas  with  linear 
2 

orientation  per  1  mm  of  the  area  of  transverse  microsect.ion  is  defined 
by  the  Equation  (26.9)  and  that  areas  themselves  are  disposed  perpen¬ 
dicular  to  the  plane  of  the  microsection,  it  is  possible  to  conclude 
that 

£Slin  =^Plin  '  1  ram  • 

Hence  it  follows  that  the  specific  surface  of  the  portion  of  boundary 
surfaces  with  linear  orientation  is  defined  by  the  Formula: 

77~  2  3 

S  =  “-(m-,  -  ra„)  mm  /mrn  . 

lln  2  -  (26.10) 

For  this  reason,  in  order  to  measure  the  specific  surface  of  boun¬ 
daries,  with  linear  orientation,  one  longitudinal  microsection  would 
suffice,  the  plane  of  which  intersects  the  orientation  axis  or  is  para¬ 
llel  to  it.  Correspondingly,  two  mean  numbers  of  intersections,  m 
and  m^,  are  determined.  After  that,  the  specific  surface  of  the  iso¬ 
metric  portion  of  boundary  is  calculated  from  Formula  (26.7):  the 
portion  of  boundaries  with  linear  orientation  is  calculated  from  Formula 


(26.9) 
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(26.10).  The  total  value  of  the  specific  surface,  derived  by  adding 
the  results  obtained  from  both  formulas,  will  equal: 


2st„,al  ’  ZSi=  ^Sli»  "  *  1’m  "l  • 

(26.11) 

The  degree  of  linear  orientation  of  boundary  surfaces  is  determined 
by  the  ratio  of  the  specific  surface  of  the  portion  with  linear  orien¬ 
tation  to  the  total  value  of  specific  surface,  expressed  in  per  cent. 
Prom  Formulas  (26.10)  and  (26.11)  it  follows  that  the  degree  of  linear 
orientation  of  surfaces,  v,  .  is  defined  by  the  formula: 


100  Z  Slin  100  ("1  - 
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m,.  +  m. 


(26.12) 

In  the  case  of  wire  analyses,  carried  out  by  A.  G.  Spektor  (see 
Table  26),  the  mean  number  of  intersections  on  longitudinal  and  trans¬ 
verse  secants  was  101  and  316  mm-1,  respectively.  Prom  our  formula 

2  3 

(26.11 )  we  find  that  the  total  specific  surface  is  540  mm  /mm  ,  which 
differs  approximately  by  jfo  from  the  result  obtained  by  A.  G.  Spektor, 
which  is  504  mm  /mm  .  From  Formula  (26.12)  we  determine  that  the  degree 
of  linear  orientation  of  a  given  system  of  boundary  surfaces  is  62 .6°/o. 


3.  Plane  Orientation  of  Boundary  Surfaces 
Just  as  in  the  preceding  case,  we  break  down  surfaces  of  a  system 
into  elementary  areas.  A  certain  number  of  these  areas  will  be  para¬ 
llel  to  the  orientation  plane  and  others  will  form  as  isometric  system 
of  surfaces.  Surfaces  of  grains  of  a  rolled  sheet,  if  sections  of  grains 
on  microsections,  parallel  to  the  plane  of  the  sheet,  are  equiaxed, 
serve  as  an  example  of  a  system  with  plane  orientation.  The  plane  of 
orientation  is  the  plane  of  the  sheet;  perpendicular  to  this  plane  we 
locate  the  plane  of  the  microsection  subject  to  analyses. 

Secants,  parallel  to  the  orientation  plane,  do  not  contain  inter¬ 
sections  with  oriented  elementary  areas,  for  they  and  the  secants  are 
usually  parallel.  Consequently,  the  mean  number  of  intersections  per 
1  mm  length  of  secants,  parallel  to  the  orientation  plane,  will  be 
determined  exclusively  by  the  length  of  the  isometric  portion  of  surfaces. 


This  mean  number  of  intersections  we  shall  designate  as  mM.  Therefore, 
it  is  possible  to  write  a  formula  which  defines  this  specific  surface 
of  the  isometric  portion  of  boundaries  in  correspondence  with  the  basic 
formula  (25.1): 


£S.  =  2  m 

is  " 


mm  /mm 


(26.13) 


The  second  group  of  secants  we  arrange  perpendicular  to  the  orien¬ 
tation  plane,  designating  the  mean  number  of  intersections  per  1  mm  of 
their  length  as  m.  ,  If  from  this  number  of  intersections  are  excluded 
those  which  are  formed  by  the  isometric  portion  of  surfaces  and  the 
number  of  which  per  1  mm  of  length  of  secants  of  any  direction  is  m,,, 
then  the  mean  number  of  intersections  only  with  oriented  elementary 
areas,  located  perpendicular  to  secants,  will  be  defined  as  the  dif¬ 
ference  : 


m^  -  ml(  mm 


_1  (26.14) 

Prom  the  law  of  total  projection  for  space,  which  will  be  presented 
further  in  this  article,  it  follows  that  the  total  area  of  mutually 
parallel  areas  per  unit  volume  of  space  is  numerically  equal  to  the  mean 
number  of  intersections  of  these  areas  by  secants  directed  at  right 
angles  to  them,  per  unit  length  of  secants.  Using  this  postulate,  we 


directly  find: 


2/  3 

x5  ,  =  in,  -  m  mm  /mm  , 
"  pi  1  " 


(26.15) 

Prom  Formulas  (26.13)  and  (26.15)  it  follows  that  the  total  mag¬ 
nitude  of  the  specific  surface  of  both  portions  of  the  system  is: 


£Stotal  =  ^Sis  +SSpl  =  ml  +  m"  rim2/mn’3  * 

(26.16) 

The  degree  of  plane  orientation, c<p2 >  is  defined  as  the  ratio  of 
the  portion  of  surfaces  with  plane  orientation  to  their  total  specific 
surface  expressed  in  per  cent,  that  is: 


100  (m^  -  m„) 


(26.1?) 


pi  mq  +  m„ 

From  the  aforesaid  it  follows  that  the  analyses  of  structures  w ith 
plane  orientation  also  requires  only  1  microsection,  the  plane  of  which 
must  be  perpencidular  to  the  orientation  plane.  Two  groups  of  secants 
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are  marked  on  the  microsection  parallel  to  this  plane  and  perpendicu¬ 
lar  to  it.  Correspondingly,  two  mean  numbers  of  intersections,  m„  and 
mp  are  determined.  After  that,  from  Formulas  (26.13)  and  (26,15)  it 
is  possible  to  calculate  separately  the  specific  surfaces  of  the  iso¬ 
metric  and  plane-oriented  portions  of  boundaries  and  their  total  length 
from  Formula  (26.16),  The  quantitative  expression  for  the  plane  orien¬ 
tation  we  find  from  Formula  (26,17). 

In  the  above  presented  example  of  the  analyses  of  transformer  steel, 
which  was  carried  out  by  us  (see  Table  27),  the  mean  numbers  of  inter¬ 
sections  on  secants  parallel  and  perpendicular  to  the  orientation  plane 
(which  is  perpendicular  to  the  symmetry  axis  of  the  structure)  were  2.3 

and  17.0  mm--1,  respectively.  From  Formula  (26.16)  the  total  value  of 

>2  ^ 

the  specific  surface  is  19.3  mm  /mm  ,  which  differs  only  by  0.5  per 
cent  from  the  result  obtained  by  the  method  of  A.  G.  Spektor,  which  is 
19.2  mm  /mm  ,  From  Formula  (26.17)  we  find  that  the  degree  of  plane 
orientation  of  a  given  system  of  boundaries  is  76 .2  per  cent, 

C,  Planar-Linear  Orientation  of  Boundary  Surfaces 

As  has  been  previously  noted,  this  system  of  surfaces  lias  no  sym¬ 
metry  axis  and,  for  this  reason,  the  method  of  A.  0.  Spektor  is  not 
applicable  in  this  case.  A  system  of  surfaces  with  a  planar-linear 
orientation  has  one  orientation  plane  and  one  orientation  axis  para¬ 
llel  to  that  plane.  Elementary  areas  in  such  a  system  are  subdivided 
into  three  groups!  Areas  of  the  first  group  are  parallel  both  to  the 
orientation  plane  and  to  the  orientation  axis  simultaneously;  areas 
of  the  second  group  are  parallel  only  to  the  orientation  axis,  forming 
all  possible  angles  with  the  orientation  plane,  each  of  which  is  equally 
probable;  the  arrangement  of  areas  of  the  third  group  is  isometric  in 
nature,  that  is  they  are  completely  disoriented. 

This  type  of  orientation  occurs,  for  example,  in  a  sheet,  strip 
or  band,  in  which  grains  on  microsections  parallel  to  the  plane  of  the 
sheet  are  not  equiaxed  but  elongated  in  one  preferred  direction.  For 
example,  in  a  band  the  plane  of  the  band  is  the  orientation  plane  and 
its  orientation  axis  is  its  longitudinal  axis.  In  systems  of  the  type  in 


question,  schematically  drawn  in  Figure  69d,,  quantitative  analysis  re¬ 
quires  that  not  one  but  two  microsections  be  prepared.  The  plane  of  the 
first  microsection  must  be  perpendicular  to  the  orientation  plane  and 
parallel  to  the  orientation  axis.  This  microsection  we  shall  call  long¬ 
itudinal.  The  plane  of  the  second  microsection  is  arranged  perpendi¬ 
cular  both  to  the  orientation  plane  and  orientation  axis.  We  shall  call 
this  microsection  the  transverse  microsection. 

Inasmuch  as  in  this  case  we  have  two  types  of  orientation,  which 
have  been  previously  considered  each  separately,  it  is  possible  to 
apply  formulas  similar  to  formulas  (26.7)>  (26,10),  and  (26,15).  The 
only  requirement  is  separate  determination  of  mean  numbers  of  inter¬ 
sections  for  each  of  the  three  aforementioned  groups  of  elementary  areas, 
which  comprise  a  system  of  boundary  surfaces  with  a  planar  linear  orien¬ 
tation.  Let  us  make  an  attempt  to  do  just  that. 

Let  us  draw  a  group  of  secants  on  a  longitudinal  microsection, 
which  secants  are  parallel  to  the  orientation  plane  (that  is  to  the 
plane  of  the  band)  and  which  are  simultaneously  parallel  to  the  axis  of 
linear  orientation,  inasmuch  as  the  plane  of  the  longitudinal  micro¬ 
section  is  also  parallel  to  it.  The  mean  number  of  intersections  per 
1  nun  length  of  such  secants,  which  we  designate  as  mM,  is  determined 
exclusively  by  areas  with  isometric  orientation.  Actually,  under  the 
given  conditions,  areas  both  with  planar  and  linear  orientations  are 
parallel  to  secants  and  the  latter  cannot  intersect  them.  Therefore, 
in  accordance  with  the  basic  formula  or  Formula  (26.7)  we  have: 

2  ■) 

£ S.  =  2m„  mm  '/mmJ  . 

(26,18) 

The  second  group  of  secants  we  also  draw  parallel  to  the  orien¬ 
tation  plane  (i,  e.,  to  the  plane  of  the  band)  but  on  a  transverse  mi¬ 
crosection  the  plane  of  which  is  perpendicular  to  the  orientation  axis. 

The  mean  number  of  intersections  per  1  mr.i  length  of  this  group  of  secants 
we  shall  designate  as  m, ,  Inasmuch  as  these  secants  are  parallel  to 
the  orientation  plane,  they  will  nox  intersect  the  elementary  areas 
with  plane  orientation.  However,  inasmuch  a3  they  are  perpendicular  to 
the  orientation  axis,  they  shall  intersect  areas  with  linear  orientation 
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and,  simultaneous  with  that,  areas  with  isometric  disposition.  There¬ 
fore,  if  the  mean  number  of  intersections  varies  with  areas  of  linear 
orientation,  we  shall  find  from  the  difference 


m,  -m„  mm-^  ,  (26. 19) 

and  the  specific  surface  of  the  portion  of  boundaries  with  linear  orien¬ 
tation,  in  correspondence  with  Formula  (26.10),  will  be  defined  by  the 
expression: 


m„) 


(26.20) 


Third  group  of  secants  is  arranged  perpendicular  to  the  orienta¬ 
tion  plane  and  orientation  axis  (i.  e.,  perpendicular  to  the  plane  of 
the  band).  Secants  may  be  drawn  on  any  one  of  the  two  microsections, 
for  the  results  will  bs  identical.  In  this  case,  the  secants  will  inter¬ 
sect  all  three  groups  of  areas.  The  mean  number  of  intersoctions  with 
these  groups  per  1  mm  of  secants  we  3hall  designate  as  m, .  The  mean 
number  of  intersections  formed  only  be  areas  with  plane  orientation  and 
secants,  which  are  perpendicular  to  them,  we  shall  find  from  the  dif¬ 
ference  by  subtracting  mean  numbers  of  intersections  with  isometrically 
disposed  areas,  m  ,  and  the  areas  with  linear  orientation,  which  is  de¬ 
fined  by  the  expression  (26,19),  from  the  number  m, .  We  deriv  : 


m. 


m„  -  (m,  -  m„ 


=  m, 


mm 


(26.21) 


For  this  reason  the  specific  surface  of  the  portion  of  boundary  surfaces 
with  plane  orientation,  in  correspondence  with  Formula  (26.15),  will 
be : 


=  m. 


m, 


(26.22) 


Knowing  how  to  determine  separately  the  specific  surfaces  of  each 
one  of  the  three  differently  oriented  portions  of  boundary  surfaces, 
we  can  find  without  any  difficulty  the  total  specific  surface  by  ad¬ 
ding  the  right  half  of  Formulas  (26,18),  (26, 20),  and  (26,22).  The 
degree  of  each  type  of  orientation  may  be  readily  determined  as  the 
ratio  of  corresponding  specific  surfaces  to  their  total  magnitude 
expressed  in  per  cent. 

The  method  of  oblique  microsections  [59,  1 7 ] ,  first  of  developed 
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methods  intended  for  the  measurement  of  total  magnitude  of  the  specific 
surface  of  structures  with  linear  and  planar  orientation,  lost  its  im¬ 
portance  after  other  methods,  which  had  the  same  purpose  and  were  de¬ 
scribed  previously  appeared.  Therefore,  it  is  necessary  to  discuss  it 
here.  Let  us  compare  methods  of  analyses  of  oriented  structures,  de¬ 
scribed  previously,  and  let  us  determine  the  scope  of  their  application. 
As  it  has  been  already  mentioned,  the  method  of  A.  G.  Spektor  is  rigor- 
our  from  a  mathematical  viewpoint  and  may  be  applied  for  the  size 
measurement  of  the  total  specific  surface  of  systems  of  boundaries  with 
axial  symmetry.  A  shortcoming  of  this  method  is  its  inapplicability 
to  the  case  of  a  more  complex  orientation,  in  the  absence  of  axial 
symmetry,  and  the  impossibility  of  quantitative  estimation  of  the  degree 
of  orientation,,  Iioreover,  the  method  of  A.  G.  Spektor,  as  compared 
with  other  methods,  is  more  time  consuming  for  it  requires  the  deter¬ 
mination  of  the  mean  number  of  intersections  in  several  directions  and 
subsequently  graphic  integration. 

S.  A.  Saltykov's  method  of  directed  secants  is  approximate,  but 
it  has  a  number  of  advantages  which  are  qu,ite  important  in  practice. 

It  is  applicable  not  only  in  the  presence  of  axial  symmetry  but  also  in 
its  absence.  It  also  permits  quantitative  evaluation  of  the  degree  of 
various  types  of  orientations  of  surface  systems.  Its  procedure  is 
simpler  than  that  of  A.  G.  Spektor 's  method  and  less  time  consuming, 
for  average  numbers  of  intersections  are  determined  in  only  two 
(maximum  three)  directions  and  further,  calculations  use  simple  for¬ 
mulas,  7/e  shall  show  further  that  the  procedural  error  of  the  method  of 
directed  secants,  which  is  based  on  the  assumption  that  any  system  of 
surfaces  may  be  broken  down  into  several  systems  with  a  definite  type 
of  orientation,  does  not  exceed  5  per  cent,  which  is  quite  acceptable 
for  the  great  majority  of  carried-out  measurements. 

In  conjunction  with  the  aforesaid,  the  method  of  A.  G.  Spektor  may 
be  recommended  for  a  more  precise  measurement  of  the  total  specific 
surface  of  boundary  systems  with  axial  symmetry,  when  the  aim  oi  the 
analyses  is  not  the  quantitative  evaluation  of  the  degree  of  or ; entation. 


Section  27.  The  Rule  of  Projection  for  3-dimensions  and  Verification 
of  the  Method  of  Directed  Secants 


Let  us  consider  a  system  of  mutually  parallel  and  equidistant 
planes.  Let  us  isolate  within  this  system  a  cube  with  the  edge  equal 
to  unity,  so  that  two  faces  of  the  cube  would  be  parallel  and  the  rest 
perpendicular  to  the  planes  of  the  system.  If  the  distance  between 
parallel  planes  is  /\  ,  then  the  number  within  the  volume  of  the  cube 
will  be  “j-,  and  the  total  areaof  planes  within  the  cube,  i.  e,,  per 
unit  volume,  will  be: 


5 


S 


(27.1) 


In  a  more  complex  case  we  shall  have  a  system  of  parallel  plane 
areas  of  different  dimensions  and  configurations,  the  planes  of  which 
will  be  disposed  at  different  distances  from  each  other,  as  shown  in 
Figure  74,  Let  us  break  down  the  volume  of  the  cube  into  several 
identical  prisms,  whose  bases  are  squares  with  the  side  equal  to  a. 

These  prisms  will  carve  out  from  the  planes  of  the  system  a  number  of 

0 

areas,  the  maximum  dimension  of  which  may  be  equal  to  a  .  Let  us  arbi¬ 
trarily  agree  to  round  off  dimensions  of  areas,  considering  the  dimension 
equal  to  a  square  if  it  exceeds  half  of  this  value,  and  equal  to  zero 
if  it  is  less  than  this  value. 

Let  us  designate  the  number  of  these  areas  in  each  prism  as  m^ , 
m2,  m^,  ....  .  Then  the  total  surface  of  all  areas  within  the  cube 
along  the  edge  of  which  is  unity  and  two  faces  are  parallel  to  the  areas, 
will  be : 


+  m0  +  nu 


(27.2) 


Since  the  total  number  of  prisms  in  the  cube,  the  edge  of  which  is  unity, 

will  obviously  be  -j-j-,  then  the  mean  number  of  areas  in  one  prism  will 
a 

be : 


m  +  m.,  +  nu  + 

1  2  3  .... 


IV 


-1 

mm 


(27.3) 


Ir.  the  limit,  when  the  cross  section  of  prisms  approaches  zero  and 
prisms  themselves  are  transformed  into  secants,  the  mean  number  of 


areas  in  one  prism,  m,  will  be  equal  to  the  mean  number  of  intersections 
between  plane  sections  of  the  system  and  secants  perpendicular  to  them, 
per  unit  length  of  secants,  i.  e.,  it  will  be  equal  to  Therefore,  the 

specific  surface  of  the  system  in  question,  in  correspondence  iwth  Equations 
(27.2)  and  (27.3),  v/ill  be  equal  to: 


_  23 

S  =  mm  /mm  , 


(27.4) 


This  equation  corresponds  to  the  previously  derived  equation  for  a  system 
of  parallel  equidistant  planes  (27,1),  since  the  ratio  precisely  ex¬ 
presses  the  number  of  planes  intersected  per  unit  length  of  secants  and 
directed  perpendicular  to  the  planes.  Formula  (27.4)  has  been  used  by  us 
previously  when  deriving  the  relationship  (26,13). 


Figure  74. 


Diagram  to  the  derivation  of  the  formula  (27.4) 


Besides  the  regularity  determined  here,  we  are  also  interested  in 
the  quantity  which  we  shall  call  the  total  projection  and  which  we  under- 
srand  to  mean  the  sum  of  areas  of  superimposed  projections,  when  projecting 
all  surfaces  found  in  a  unit  volume  of  the  system  in  question,  to  some 
plane.  In  both  cases,  considered  above,  the  systems  consist  of  mutually 
parallel  planes.  For  this  reason  their  total  projection  on  a  plane  para¬ 
llel  to  them,  obviously  precisely  coincides  with  the  value  of  specific 
surface.  Therefore,  it  may  be  stated  that  for  the  two  considered  specific 
cases  the  total  projection  of  surfaces  of  a  system  onto  a  plane  is  equal 
precisely  to  the  mean  number  of  intersections  per  unit  length  of  secants 
directed  perpendicular  to  the  chosen  plane.  Let  us  demonstrate  that  this 
postulate  is  general  for  any  system  of  surfaces. 
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In  the  most  general  case,  a  system  of  surfaces  may  consist  01 
surfaces  that  are  open  or  bound,  convex  or  concave,  continuous  or  iso¬ 
lated  from  each  other,  plane  or  curves.  Just  as  in  the  preceding  case,  in 
such  a  system  (Figure  75)  we  break  down  the  volume  in  question,  which  has 
a  shape  of  a  cube  whose  edge  is  unity,  into  a  number  of  prisms  whose 
bases  are  squares  with  the  side  a.  Let  us  examine  the  projections  of  sec¬ 
tions  of  the  surface  of  the  system,  carved  out  by  lateral  faces  of  prisms, 

onto  the  base  of  a  plane  of  a  cube.  7/ithin  each  prism,  those  projections 
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which  are  greater  than  a  /2  we  round  off  to  a  ,  and  ignore  the  others. 

The  further  course  of  logical  consideration  coincides  with  the  derivation 
of  Formula  (27.4)  for  a  system  shown  in  Figure  74.  For  this  reason  we  are 
not  going  to  repeat  it.  The  result  is  the  law  of  projections  for  space, 
according  to  which  the  total  projection  onto  any  plane  for  any  system  of 
surfaces  is  precisely  equal  to  the  mean  number  of  intersections  between 
surfaces  and  secants  directed  perpendicular  to  chosen  planes,  per  unit 


Fig.  75-  Diagram  to  the  derivation  of  the  rule  of  the  total  projection  for 
space . 

This  important  law  makes  it  possible  in  many  instnaces  to  deter¬ 
mine  parameters  of  planar  structures,  for  preselected  dimensional  systems 
of  surfaces.  As  an  example  let  us  consider  a  group  of  spherical  surfaces 
periodically  but  uniformly  distributed  through  space.  The  diameter  of 
spheres  is  ])  and  the  number  per  unit  volume  is  N.  The  total  projection  of 
a  sphere  onto  any  plane  is  equal  to  twice  the  area  of  its  central  cross 
section,  as  follows  from  the  definition  of  "total  projection",  which 
states  that  the  projections  of  two  half  spheres  are  superimposed  and  the 


areas  of  projections  are  added.  For  this  reason  the  total  projection  of 
N  spherical  surfaces,  which  according  to  the  law  of  projections  is  equal 
to  the  mean  number  of  intersections  formed  by  secants  and  surfaces,  will 
be  defined  by  the  expression: 


m 


h  y  S  mm 


(27.5) 


This  means  that  we  derived  the  basic  formula  of  the  method  of 
random  secants  for  space  (25.1)  by  other  means.  Further,  using  Formula 
(20.7),  inasmuch  as  a  system  of  spherical  surfaces  is  isometric  in  space, 
we  can  find  the  specific  of  perimeters  of  cross  sections  of 

spherical  surfaces  from  any  plane  intersecting  a  system  of  spheres: 

y  p  =  JL  m  o  -ZL.  JL_  u  =  _ZT  £  s 
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'He  shall  use  the  rule  of  total  projection  for  determining  the 
accuracy  of  the  method  of  directed  secants  for  space.  For  verification  of 
this  method  we  shall  carry  out  a  system  of  surfaces,  representing  identical 
ellipsoidal  figures,  which  are  periodically  but  statistically-uniforrnly 
distributed  through  space  and  arranged  in  such  a  manner  that  large  axes  of 
all  ellipsoids  are  mutually  parallel.  Such  a  system  is  an  example  of  a 
system  of  surfaces  with  linear  orientation,  in  which  the  direction  of 
large  axes  of  ellipsoids  is  the  orientation  axes  (also  the  symmetry  axis). 
As  compared  with  real  structures,  the  system  chosen  for  the  verification 
of  the  method  is  not  suitable  for  its  evaluation,  since  in  real  systems  of 
boundary  surfaces  there  are  always  present  sections  parallel  to  the  orien¬ 
tation  axis  (particularly  at  high  degrees  of  orientation),  whereas  in  this 
case  oriented  sections  are  absent.  We  assume  that  the  large  half  axis 
of  tne  ellipsoid  is  a  and  that  the  small  half  axis  of  the  ellipsoid  is  b 
and  that  their  number  per  unit  volume  is  h1. 

In  accordance  with  the  method  of  directed  secants,  we  mentally 
draw  two  groups  of  secants,  parallel  to  the  orientation  axis  and  perpendi¬ 
cular  to  it.  The  mean  number  of  intersections  of  these  secants,  m,p  and 
m, ,  we  shall  determine  by  the  rule  of  total  projection.  The  ellipsoid  is 
projected  onto  a  plane,  perpendicular  to  the  first  group  of  secants,  as  a 
circle  the  diameter  of  which  is  2b,  Twice  the  area  of  h'  such  circles  will 
be  equal  to  the  mean  number  of  intersections  of  secants  parallel  to  the 
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orientation  axes: 


mit  =  -~-p- - 2N  =  27f\)2  N  mm-1  . 


(27-6) 


The  ellipsoids  are  projected  onto  a  plane  perpendicular  to  the  second 
group  of  secants  (that  is  which  is  parallel  to  the  orientation  axis)  as 
ellipses  with  half  axes  a  and  b.  Twice  the  area  of  N  such  ellipses  will 
be  equal  to  the  mean  number  of  intersections  on  secants  perpendicular  to 
the  orientation  axis: 


m,  =  27 7~  abH  mm 


(27.7) 


Now  putting  at  our  disposal  mathematically  exact  values  of  mn 
and  m, ,  we  calculate  the  specific  surface  of  the  system  of  surfaces  of 
rotation  of  ellipsoids,  in  question,  the  formula  of  the  method  of  directed 
secants  for  the  case  of  linear  orientation  (26.1l)i 


JT  S  =  1.571  nii  +  0.429  mn  mn2/mm-^  . 

Substituting  the  values  of  the  number  of  intersections,  derived  from  for¬ 
mulas  (27.6)  and  27. 7) j  and  dividing  both  sides  of  the  equation  by  the 
number  of  ellipsoidal  sides  per  unit  volume,  N,  we  derive  a  formula  which 
makes  it  possible  to  calculate  approximately  the  surface  of  rotation  as  a 
function  of  the  half  axes: 


S  =  2  If  b  (l.671a  +  0.429b). 

(27.8) 

The  verification  of  the  derived  formula  unexpectedly  revealed  the 
following  circumstance:  its  accuracy  is  approlimately  twice  as  high  if 
the  ratio  of  half  axes  of  the  ellipsoid  is  less  than  3,  and  it  becomes 
many  times  higher  as  this  ratio  increases,  as  compared  with  the  approx¬ 
imation  formula  which  is  listed  in  reference  books  for  the  calculation  of 
the  surface  of  rotation  of  an  ellipsoid,  [143],  [144]: 

S  =  2  i7-77b  Va2  +  b2  . 

(27.9) 

The  formula  is  coincidental  with  a  positive  error  (the  results  of  calcu¬ 
lations  happens  to  be  greater  than  the  actual  value),  and  Formula  (27.9) 
is  coincidental  with  the  negative  error. 


Under  the  most  adverse  conditions,  the  procedural  error,  which  is 
due  to  the  assumption  that  any  system  of  surfaces  may  be  broken  down  into 
elements  isometrically  arranged  and  oriented  in  a  definite  manner,  does 
not  exceed  5  per  cent. 

The  principal  of  breaking  down  surfaces,  which  are  being  measured, 
into  groups  of  elementary  areas,  oriented  in  space,  in  a  definite  manner 
(or  disoriented),  may  be  applied  also  in  cases  of  a  more  complex  orien¬ 
tation  than  the  three  types  considered  by  us  which  are  most  commonly  found 
in  systems  of  boundary  surfaces  of  metallic  structures. 
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Section  28.  Orientation  Analysis  of  Systems  of  Boundary  Surface  Areas 

Besides  the  total  extent  (area)  of  boundary  surface  areas  per  unit 
volume  of  a  metal  alloy,  their  space  orientation  is  also  of  great  interest; 
the  spatial  orientation  is  generally  dependent  chiefly  on  the  processes 
of  plastic  deformation  or  directional  crystallisation.  Therefore,  spec¬ 
ifically,  the  orientation  study  of  boundary  surface  areas,  which  is  quite 
effective  in  determining  local  deformations,  their  heterogeneity  and  distri¬ 
bution  in  the  volume  of  metal,  is  quite  promising  for  the  revealing  and 
understanding  of  the  mechanism  of  plastic  metal  flow  in  alloys.  The 
spatial  orientation  of  boundary  surface  areas  may  be  considered  from  dif¬ 
ferent  viewpoints,  on  the  basis  of  which  appropriate  methods  of  its  quan¬ 
titative  characteristic  are  developed. 

On  the  basis  of  purely  geometrical  notions,  the  orientation  of  an 
isolated  elementary  area  may  be  defined  by  the  size  of  angles  which  it 
forms  with  predetermined  directions  (axis,  planes).  Prom  this  viewpoint 
the  orientation  of  complex  systems  of  boundary  surface  areas  may  be  esti¬ 
mated,  for  example,  in  the  terms  of  relative  fractions  of  elementary  areas 
(or  a  fraction  of  these  specific  surface  area),  oriented  in  a  definite 
manner.  The  method  of  this  kind,  developed  by  us  [60],  which  permits 
numerical  evaluation  of  lineal,  plane  and  mixed  lineal-plane  orientations 
with  the  aid  of  coefficients  of  the  degree  of  orientation,  was  described 
previously  (see  Section  26),  Although  this  method  is  based  on  a  certain 
assumption,  its  accuracy  is  quite  sufficient  for  the  most  cases  of  orien¬ 
tational  structural  analysis,  A  rigid  method  for  the  estimation  of  orien¬ 
tation  with  the  aid  of  a  polar  distribution  diagram  of  the  function  of 
density  of  normals  was  developed  by  A.  G,  Spektor  [146],  This  method  is 
applicable  for  systems  of  surface  areas  with  axial  symmetry,  which  accord¬ 
ing  to  our  classification  corresponds  to  lineal  orientation  or  plane  orien¬ 
tation. 

From  the  other  viewpoint,  the  orientation  of  boundary  surface  areas 
may  be  characterized  by  the  density  of  their  disposition  in  various  special 
directions.  The  quantitative  estimation  of  orientation,  based  on  this 
notion,  is  expedient  for  several  reasons.  It  is  precisely  the  density  of 
disposition  of  surface  areas  in  various  directions  that  determines  the 
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anistropy  of  properties  of  a  metal  or  an  alloy  in  the  same  measure  in  which 
it  is  dependent  upon  the  interfacial  boundaries  of  microparticles  of  like 
or  unlike  phases.  The  appearance  of  certain  types  of  orientations  of 
boundary  surface  areas  is  singularly  connected  with  the  regular  distur¬ 
bance  of  the  initially  uniform  density  of  their  disposition  in  various 
directions.  Therefore,  on  the  basis  of  the  density  of  disposition  of 
surface  areas  it  is  also  possible  to  obtain,  if  it  is  necessary,  a  purley 
geometrical  interpretation  of  their  orientation.  The  method  of  estimating 
the  orientation,  based  on  the  density  of  disposition  of  surface  areas  in 
various  directions,  is  reduced  to  construction  of  a  space  rows  of  the 
number  of  intersections  [138],  similar  to  the  plane  rose  of  the  number  of 
intersections,  described  in  Section  21, 

Finally,  it  should  be  mentioned  that  it  is  possible  to  estimate 
indirectly  the  orientation  of  boundary  surface  areas  by  the  ratio  of 
lineal  dimensions  of  microparticles  (or  their  sections),  measured  in  de¬ 
finite  directions.  The  evaluation  of  oriented  structures  by  the  ratio  of 
diameters  of  plane  grains  was  proposed  long  ago  by  Ye.  Geyn  [136],  In¬ 
asmuch  as  this  value  almost  always  has  a  singular  relationship  to  the  degree 
of  deformation  of  a  given  kind,  it  has  been  successfully  used  for  the  es¬ 
timation  of  local  deformation  [145 >  175].  It  can  b.e  demonstrated  that 
this  characteristic  of  an  oriented  structure  can  be  also  derived  from  the 
density  of  disposition  of  areas  in  different  directions,  that  is  from  the 
space  rose  of  the  number  of  intersections. 

From  the  aforesaid  it  follows  that  the  space  rose  of  the  number  of 
intersections  is  a  universal  and  comprehensive  characteristic  of  orien¬ 
tation  of  surface  areas,  for  it  permits  to  calculate  the  value  of  the  speci¬ 
fic  surface  area  and  also  to  determine  the  quantitative  indices  of  the 
orientation  of  surface  areas  of  any  interpretation  which  may  seem  more 
expedient  to  us. 

If  from  any  point  within  a  system  of  surface  areas  rays  are  drawn  in 
many  directions,  that  is,  secants  'with  directions  uniformly  disposed  in 
space,  it  is  possible  to  calculate  the  number  of  intersections  for  each 
secant  separately  and  to  derive  the  mean  number  of  intersections  for  each 
direction  which  is  of  interest  to  us.  This  postulate  may  be  expressed 
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in  a  somewhat  different  way,  which  has  a  greater  conformity  with  the  method 
used  in  practices  the  mean  number  of  intersections  for  any  given  direc¬ 
tion  is  determined  by  calculating  the  number  of  intersections  for  one  group 
of  mutually  parallel  secants,  having  had  the  same  direction  in  space. 
Knowing  the  mean  numbers  of  intersections  for  several  directions,  which 
obviously  express  the  density  of  disposition  of  surface  areas  in  these 
directions,  we  construct  the  space  rose  of  the  number  of  intersections  in 
polar  coordinates.  The  shape  of  the  rose  is  singularly  defined  by  the  re¬ 
lative  probability  of  intersection  of  surface  areas  of  the  system  by  se¬ 
cants  in  various  directions,  that  is  it  is  determined  by  the  density  of 
disposition  of  surface  areas  in  these  directions.  For  this  reason  the 
shape  of  the  rose  gives  a  complete  characteristic  of  the  orientation  of 
these  surfaces  in  space.  The  absolute  dimensions  of  the  rose,  constructed 
on  a  definite  scale,  are  singularly  dependent  upon  the  size  of  the  specific 
surface  area  of  a  boundary  system  in  question. 

If  a  system  of  surface  areas  has  an  axis  of  symmetry,  then  the  con¬ 
struction  of  the  rose  of  the  number  of  intersections  is  extremely  simple. 

In  such  systems  the  structure  is  identical  in  all  planes  of  polish  which 
intersect  the  axis  of  symmetry  (or  are  parallel  to  it).  Therefore  the  rose 
of  the  number  of  intersections  by  corresponding  boundary  lines,  constructed 
for  any  axial  plane  of  polish  on  a  plane,  is  obviously  the  axial  intercept 
of  the  space  rose.  The  shape  of  the  latter  is  defined  as  the  shape  of 
the  rotational  body,  obtained  by  rotating  the  grain  rose  of  the  number  of 
intersections  about  the  axis  of  symmetry. 

For  example,  a  system  of  parallel  planes  has  the  axis  of  symmetry 
perpendicular  to  them  and  in  a  section,  which  intersects  this  axis,  it 
appears  as  a  system  of  parallel  lines.  For  the  latter,  the  plane  rose  of 
the  number  of  intersections  is  represented  by  two  circumferences  of  equal 
diameter  tangent  at  the  origin  of  coordinates,  the  centers  of  which  lie  on 
the  axis  of  symmetry  (Figure  59).  The  rotation  about  the  axis  of  symmetry 
makes  it  possible  to  produce  a  space  rose  of  the  number  of  intersections 
for  a  system  of  parallel  planes,  which  is  represented  oy  two  spheres 
tangent  at  the  origin  of  coordinates,  whose  centers  lie  on  the  axis  of 
symmetry  of  the  system  arl  whose  diameters  are  equal. 
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In  the  case  of  space  isometric  system  of  surface  areas,  the  mean  numbers 
of  intersections  on  secants  of  any  direction  coincide,  just  as  it  follows 
from  the  definition  of  the  notion  of  isometricity  itself.  For  this  reason 
the  space  rose  of  the  number  of  intersections  is  shaped  a3  a  sphere,  the 
center  of  which  is  found  at  the  origin  of  coordinates.  The  axial  section 
of  such  a  rose  is  identical  with  the  shape  shown  in  Figure  57. 

If  we  accept  our  conjecture  that  it  is  possible  to  break  down  any 
system  of  surface  areas  into  groups  of  identical  elementary  areas,  of  which 
areas  of  one  group  are  arranged  isometrically  (completely  disoriented  in 
space)  and  areas  of  other  groups  are  in  one  or  another  way  completely 
oriented,  the  space  rose  of  the  number  of  intersections  may  be  constructed 
by  the  method  of  adding  vectors  of  each  direction,  as  it  is  done  on  a 
plane  (see  Section  22).  By  this  method  a  space  rose  may  be  constructed 
from  mean  numbers  of  intersections  in  few  directions  (two  or  three), 
both  for  systems  with  axial  symmetry  and  for  systems  without  it. 

A  series  of  sections  of  space  roses  of  the  number  of  intersections,, 
intercepting  the  axis  of  symmetry  (which  is  simultaneously  the  axis  of 
rotation)  is  shown  in  Figure  7 6  for  systems  of  boundary  surface  areas  with 
the  degree  of  plane  orientation  ranging  between  0  and  100  per  cent,  A 
completely  isometric  system  of  surface  areas  is  characterized  by  a  spheri¬ 
cal  rose  of  the  number  of  intersects  (Figure  76,1).  In  the  presence  of 
plane  orientation,  "necking"  appears  which  narrows  down  with  increasing 
degree  of  orientation  (Figure  77,2to  5).  When  a  system  of  surface  areas 
becomes  completely  oriented,  the  rose  transforms  into  a  pair  of  spherical 


Fig.  76.  Axial  sections  of  space  roses  of  the  number  of  intersections  with 
different  degrees  of  plane  crientetion.  The  vertical  axes  are  the  axes 
of  symmetry,  and  the  axis  0— Ois  the  plane  of  orientation. 


In  the  ease  of  lineal  orientation,  the  space  roses  of  the  number  of 
intersections  have  different  shapes.  A  series  of  axial  sections  of  roses 
for  systems  of  surface  areas  with  the  degree  of  lineal  orientation, 
gradually  increasing  from  0  to  100  per  cent,  is  shown  in  Figure  77.  In 
contrast  to  the  preceding  case,  here  the  initial  sphere  contracts  with 
the  increasing  degree  of  orientation;  contraction  characterizes  tho  iso¬ 
metric  system  along  the  axis  of  symmetry  (Figure  77  >  2  to  5).  When  a 
system  becomes  completely  linearly  oriented,  the  rose  of  the  number  of 
intersections  becomes  a  torus,  whose  radius  of  the  internal  circle  is 
equal  to  zero  (Figure  77-6). 


ig.  77.  Axial  sections  of  space  roses  0f  intersections  with  different 

degrees  of  linear  orientetion.  The  vertical  axes  are  the  axes  of 
symmetry  and  orientation.  ne  X93  01 


In  Figures  76  and  77  >  vertical  axis  of  all  shapes  are  simultaneously 
the  axis  of  space  symmetry  of  the  structure  and  the  axis  of  rotation  for 
the  formation  of  space  rose  from  its  section.  In  the  case  of  a  plane 
orientation,  its  plane  is  perpendicular  to  the  axis  of  symmetry  (Figure 

77). 

A  rose  of  the  number  of  intersections  may  be  constructed  by  gwo  methods 
a  simpler  one  based  on  measurements  in  a  f ew  directions  (two  to  three)  and 
by  a  more  complex  method  using  a  large  number  of  microsections.  By  com¬ 
paring  the  shapes  and  sizes  of  roses,  constructed  by  these  methods  for  one 
and  the  same  system  of  boundary  surface  areas,  it  i3  possible  to  deter¬ 
mine  the  permissibility  of  our  assumption  that  any  system  of  surface  areas 
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consists  of  completely  isometric  and  completely  oriented  fractions.  We 
shall  cite  certain  results  of  such  comparisons. 

We  have  analyzed  a  system  of  interfacial  surfaces  of  ferrite  and 
pearlite  constituents  in  a  sized  rod  9.5  mm  in  diameter  from  steel  30. 

The  plane  of  polish  coincided  with  the  axis  of  the  rod.  The  number  of 
intersections  between  the  secants  and  boundary  lines,  separating  the 
ferrite  and  pearlite  constituents ,  were  counted  in  ten  groups  of  secants 
(in  ten  directions)  for  every  10  degrees.  The  total  length  of  secants 
in  a  group  for  each  direction  was  taken  such  that  the  total  number  of 
intersections  would  be  at  least  1000,  A  total  of  more  than  10,000  inter¬ 
sections  were  counted  for  the  construction  of  the  rose  of  the  number  of 
intersections.  One  quadrant  of  an  axial  section  of  the  rose  of  number 
of  intersections  for  a  given  case  is  plotted  in  Figure  78.  The  line  which 
connects  the  points  of  the  mean  numbers  of  the  intersections  in  various 
directions  has  been  constructed  graphically  by  our  method  of  directed 
secants  (see  Figure  63),  using  the  mean  numbers  of  intersections  of  only 
two  directions,  parallel  and  perpendicular  to  the  axis  of  symmetry  (the 
latter  is  also  the  axis  of  the  rod  and  the  axis  of  orientation).  Despite 
this,  the  rest  of  the  points  have  a  quite  satisfactory  agreement  with  the 
same  curve,  which  lends  evidence  that  the  original  postulate  of  our  method 
of  directed  secants  is  permissible.  The  fhct  that  when  the  direction  of 
groups  of  secants  varied  between  0  and  9C  degrees  with  respect  to  the  axis 
of  symmetry,  they  were  disposed  within  a  tenth  to  cover  uniformly  the  entire 
area  of  the  longitudinal  plane  of  polish  of  the  rod,  should  be  taken  into 
consideration.  Nevertheless,  it  is  possible  that  the  scatter  of  points 
was  produced  by  the  essential  difference  in  the  magnitude  of  the  specific 
surface  areas  in  the  periphery  and  central  sections  of  the  sized  rod. 

We  have  made  similar  measurements  for  a  system  of  surface  areas  of 
silicon  ferrite  grains  in  sheet  transformer  steel  (the  thickness  of  the 
sheet  1  mm).  Planes  of  polish  were  disposed  perpendicular  to  the  plane 

of  the  sheet.  The  control  checking  has  shown  that  in  the  plane  parallel 
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to  the  plane  of  the  sheet  the  ferrite  grains  were  equiaxed,  which  gave 
evidence  that  axial  structural  symmetry  was  present.  A  total  of  about 
1200  intersections  have  been  counted  for  10  directions.  A  graphic  plot 
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of  1  quadrant  of  the  axial  section  of  the  rose  of  the  number  of  intersec¬ 
tions  is  shown  in  Figure  79.  Bata  obtained  only  for  two  directions,  para 
llel  and  perpendicular  to  the  axis  of  symmetry,  have  been  used  in  this 
case  for  the  construction,  Nevertheless ,  Figure  79  shows  that  there  is 
no  need  whatever  to  consider  the  mean  numbers  of  intersections  for  all 
other  directions,  inasmuch  as  they  have  a  fine  agreement  with  the  curve 
plotted  only  from  two  points.  Consequently,  in  this  case  also  the  pos¬ 
sibility  of  the  original  postulate  of  the  method  of  directed  secants, 
developed  by  us,  is  also  confirmed.  _  . v>j 
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Fig.  78.  Axial  section  of  the  space  rose  of  the  number  of  intersections 

for  the  system  of  surfacesof  the  portion  of  the  perlite  and  ferrite  compo¬ 
nents  in  a  calibrated  bar  of  seel  of  brand  30  (therd  is  shown  one 
quadrant  of  the  section  of  the  rose). 

Fig.  79.  Axial  section  of  the  space  rose  of  the  number  01  intersections 
for  the  system  of  the  surfaces  of  the  grain  of  silicon  ferrite  of 
sheet  transformer  steel  (one  quadrant  of  the  section  of  the  rose 
is  shown). 

The  results  similar  to  those  shown  in  Figures  78  and  79  have  been 
obtained  by  us  for  a  number  of  specimens  different  as  to  types  of  orien¬ 
tation  and  structure,  Roses  of  the  number  of  intersections  for  grain  boun 
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daries  of  ferrite  in  sheet  steel,  tor  interfacial  boundaries  of  ferrite 
and  pearlite  constituents  in  rolled  rounds  of  different  diamter,  for  inter 
facial  boundaries  in  2-phase  brass  rounds,  for  the  same  type  of  inter- 
facial  boundaries  of  ferrite  and  pearlite  constituents  in  the  rupture 
zone  of  the  specimen  deformed  by  stretching,  etc,,  were  constructed 
expreimentally.  In  many  cases  a  calculated  curve  has  a  fine  agreement 
with  experimentally  found  values  of  the  mean  numbers  of  intersections  for 
different  directions. 

Let  us  consider  a  system  of  surface  areas,  with  a  plane  orientation, 
having  broker,  down  the  areas  into  two  groups:  a  group  of  disoriented 
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elementary  areas  and  a  group  of  areas  usually  parallel.  The  number  of 
intersections  on  the  secants,  which  are  parallel  to  the  plane  of  orien¬ 
tation,  will  be  determined  by  the  size  of  the  specific  surface  area  of 
the  group  of  disoriented  areas  only  and  it  will  be  equal  to  mn.  This 
number  is  independent  of  the  direction  of  secants.  The  number  of  inter¬ 
sections  with  areas,  disposed  parallel  to  the  plane  of  orientation,  is 
dependent  upon  the  angle  between  the  secant  and  this  plane.  If  the 
angle  is  90  degrees,  then  we  obtain  the  maximum  number  of  intersections 
which  is 
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as  it  follows  from  Formula  (27.4),  inasmuch  as  the  number  of  intersections 
with  oriented  areas  only  is  equal  to  the  total  number  of  intersections 
minus  the  number  of  intersections  with  disoriented  areas,  which  is  equal 
to  mlt.  It  may  be  easily  conceived  that  the  mean  number  of  intersections 
for  any  direction,  m  ,  will  be  defined  by  the  expression: 


m 


m„)  sin 


-1 

+  m  mm 


(28.1) 


where  is  the  angle  between  the  orientation  plane  and  the  direction  of 
the  secant.  From  the  latter  equation  it  follows  that  the  graph  of  the 
mean  number  of  intersections  in  different  directions,  versus  the  sine 
of  angle  must  be  a  straight  line.  This  is  the  same  relationship  ex¬ 
pressed  by  the  rose  of  the  number  of  intersections  but  plotted  in  dif¬ 
ferent  coordinates.  Deviation  of  experimentally  found  points  from  the 
straight  line  gives  a  more  visible  evidence  of  the  error,  due  to  the 
assumption  on  which  our  method  of  directed  secants  is  based,  than  the 
plot  of  the  rose  in  polar  coordinates. 

In  Figure  30  line  1  shows  the  relationship  for  the  same  case,  em¬ 
ploying  the  same  data  which  were  used  for  plotting  the  rose  of  the  number 
of  intersection  in  Figure  78.  Line  2  has  been  plotted  using  the  same 
data  as  for  the  rose  iri  Figure  79.  Lines  3  and  4  were  plotted  by  exper¬ 
imental  data  of  A.  G.  Spektor  for  interfacial  surface  areas  of  ferrite  and 
pearlite  constituents  ir,  steel  wire  [6l],  with  the  scale  on  y  axis  1/10. 
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When  discussing  the  results  obtained  the  fact  should  be  taken  into 
consideration  that  the  method  of  secants  is  a  statistical  method  which 
definitely  means  that  a  number  of  intersections  is  determined  with  an 
inavoidable  error.  Moreover,  scatter  of  points  is  possible  due  to 
nonuniform  degree  of  orientation  and  the  size  of  the  specific  surface 
area  in  external  and  in  deeper  layers  of  one  and  the  same  specimen.  The 
mean  angle  formed  by  the  secant  and  interfacial  areas  continually  decreases 
as  the  direction  shifts  from  perpendicular  to  parallel  to  the  axis  or  plane 
of  orientation.  This  possibly  predetermines  the  systematic  error,  the 
magnitude  of  which  is  dependent  upon  the  mean  angle  between  the  secant 
and  interfacial  surface  areas  and  increases  as  the  latter  decreases. 

Considering  the  aforesaid,  it  is  possible  to  assume  that  rectilinear 
relationship  between  the  mean  number  of  intersections  and  the  sine  of  the 
angle  between  the  secants  and  the  axis  or  the  plane  of  orientation  is  quite 
justifiable  for  the  purpose  of  practical  application  of  the  method  of 
directed  secants  when  it  is  necessary  to  estimate  the  orientation  of  boun¬ 
dary  surface  areas. 

In  summing  up  we  arrive  at  the  final  conclusion  that  the  quantitative 
evaluation  of  the  more  common  types  of  orientations  lineal  and  plane 
(occurring  separately  or  together),  is  quite  reliable  and  may  be  accom¬ 
plished  with  sufficient  accuracy  by  the  coefficients  of  the  degre'f  of  orien¬ 
tation,  calculated  by  the  method  of  directed  secants  with  the  aid  of  for- 
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mulas  (26,12),  (26.17)  and  formulas  similar  to  them.  In  a  case  of  a  more 
complex  orientation,  a  comprehensive  and  visible  picture  of  the  orienta¬ 
tion  of  a  surface  areas  system  is  given  by  the  space  rose  of  the  number 
of  intersections.  This,  however,  is  less  convenient  for  it  deprives  us 
of  the  possibility  of  quantitative  study  of  the  relationship  between  the 
orientation  of  boundary  surface  areas  and  factors  which  affect  it,  inas¬ 
much  as  the  orientation  is  characterized  not  by  concrete  numbers  but  by 
a  type  of  complex  space  shape,  its  projections  or  sections. 

Nov/  let  us  consider  another  method  of  estimating  the  orientation  of 
boundary  surface  areas,  proposed  by  A.  0,  Spektor  [146],  The  orientation 
of  an  elementary  area  with  respect  to  any  direction,  defined  by  the  straight 
line  1,  is  characterized  by  the  size  of  the  angle  (l,n)  between  this  straight 
line  and  the  normal  n  to  the  elementary  area.  Let  us  designate  the  size 
of  the  elementary  area  as  dS  and  project  all  areas,  comprising  a  system 
of  boundary  surface  areas  confined  in  a  unit  volume  of  metal,  onto  plane  Q, 
perpendicular  to  a  chosen  direction,  that  is  perpendicular  to  the  straight 
line  1.  It  is  not  difficult  to  see  that  the  sum  of  all  projected  areas, 
dS  ,  is  equal  to  the  mean  number  of  intersections  of  boundary  surface  areas 
with  the  unit  length  of  the  straight  line  1,  that  is  it  is  equal  to 
(see  Section  27).  At  the  same  time  Formula  (28.2) 

C  ft 

ra.  =  AS  =  !  cos  (1,  n)  dS. 

1  j  Q  v  (28.2) 
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Hence  it  follows  that  Formula  (28,3) 

cos  (1,  n)  =  -~-  ,  (28.3) 

where  the  quantity  S  stands  for  the  same  thing  as  S,  that  is  for  the 
specific  surface  area. 

Formula  (28.3)  gives  the  absolute  value  of  the  cosine  of  the  angle 
between  the  normals  to  the  surface  area  and  the  chosen  direction,  the 
weighted  mean  for  the  entire  boundary  surface  area.  For  the  direction  it 
is  more  feasible  to  choose  the  symmetry  axis  of  the  structure.  This  value, 
which  we  shall  call  the  mean  cosine  of  the  normals,  according  to  A.  0, 

Spektor  is  precisely  the  means  for  the  estimation  of  the  general  orienta¬ 
tion  of  boundary  surface  areas  with  respect  to  the  axis  of  symmetry  of  the 
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structure,  in  particular,  or  with  respect  to  a  given  straight  line,  in 
general.  The  mean  number  of  intersections,  ,  in  the  direction  parallel 
to  the  axis  of  symmetry,  may  be  readily  determined  from  the  longitudinal 
plane  of  polish.  The  specific  surface  area,  S,  is  calculated  by  the  method 
of  directed  secants  with  the  aid  of  graphic  integration  by  Formula  (26.6), 
for  which  purpose  it  is  necessary  to  determine  the  relationship  between  the 
mean  number  of  intersections  and  the  direction  of  the  secant  with  respect 
to  the  axis  of  symmetry  of  the  structure  on  the  longitudinal  plane  of  polish 

Let  us  consider  an  example  illustrating  the  calculation  of  the  mean 
cosine  of  normals  experimental  data  of  A.  G,  Spektor,  obtained  for  the  inter 
facial  surface  area  of  pearlite  and  thorite  constituents  in  steel  wire 
drawn  from  5.5  mm  down  to  3.8  mm  in  diameter.  These  data  are  listed  in 
Table  26  and  Figure  72.  The  mean  number  of  intersections  in  the  direction 
which  coincides  with  the  axis  of  symmetry  is  101  mm  ^  and  the  value  of  the 
specific  surface  area,  found  by  graphic  integration  as  in  Figure  72,  is 
504  mm  /mm  .  From  these  data  we  find  the  mean  cosine  of  normals  from 
the  Formula  (28. 3)  s 
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cos  (1,  n)  =  — =  0.20. 

The  limiting  values  of  the  mean  cosine  of  normals  determined  by  sys¬ 
tems  of  surface  areas  completely  oriented  in  the  direction  of  the  axis 
of  symmetry  (complete  lineal  orientation)  and  completely  perpendicular  to 
it  (complete  planar  orientation).  In  the  first  case,  the  mean  cosine  of 
normals  with  respect  to  the  axis  of  symmetry  is  0;  in  the  second  case  it 
is  1.  From  Formulas  (25.1)  and  (28.3)  it  may  be  readily  concluded  that  for 
an  isometric  system  of  surfaces  the  mean  cosine  of  normals  is  0.5  with 
respect  to  any  straight  line.  Hence  it  follows  that  the  values  of  the  mean 
cosine  of  normals,  varying  between  0,5  and  0,  characterize  the  increasing 
lineal  orientation  and  that  values  varying  from  0,5  to  1.0  characterize 
the  increasing  planar  orientation. 

By  comparing  the  mean  cosine  of  normals  with  coefficients  which 
characterize  the  degree  of  lineal  or  planar  orientation  (see  Formulas 
26,12  and  26.17)  it  may  be  seen  that  the  latter  contain  the  mean  numbers 
of  intersections  in  the  direction  perpendicular  to  the  axis  of  symmetry  of 
the  structure  (in  addition  to  parameters,  which  are  general  for  both  types 
of  orientation  estimation).  The  mean  numbers  of  intersection,  determined 


along  the  axis  uf  symmetry  and  perpendicular  to  it,  vary  with  increasing 
orientation  in  opposite  directions.  Therefore,  the  evaluation  of  the 
degree  of  orientation  by  coefficients  is  more  "sensitive"  than  the  evalua- 
.  tion  by  the  value  of  the  mean  cosine  of  normals,  which  compensates  for 
a  certain  lack  of  rigor  in  the  procedure  of  deriving  formulas  which  de¬ 
fine  the  coefficients  of  the  degree  of  orientation.  It  should  be  also 
noted  that  the  experimental  determination  of  the  latter  is  simpler,  for 
it  requires  measurements  only  in  two  directions,  whereas  the  determination 
of  the  mean  cosine  of  normals  requires  measurements  in  many  directions  and 
grapnic  integration. 

The  mean  cosine  of  normals,  similar  to  the  coefficients  of  the  degree 
of  orientation,  gives  only  a  general  notion  on  the  orientation  of  boundary 
surface  areas.  For  a  more  detailed  characteristic  of  orientation  it  is 
necessary  to  evaluate  the  distribution  of  individual  fractions  of  boundary 
surface  area  with  respect  to  various  directions  of  normals  to  them.  In¬ 
asmuch  as  the  solution  of  such  a  problem  for  space  is  connected  with  math¬ 
ematical  difficulties,  A.  G.  Spektor  considers  a  similar  dimensional 
problem,  "Function  of  relative  density  of  normals"  is  introduced,  which 
characterizes  the  relative  length  of  lineal  boundaries,  whose  normals  lie 
within  a  definite  range  of  angles.  The  function  of  density  of  normals 
is  defined  by  the  equation: 

=  -l-f--)  ,  (23.4) 

\  / 

in  which  L  is  the  specific  length  of  lineal  boundaries  in  a  plane  of  section 
intersecting  the  axis  of  symmetry  of  the  structure;  ^  and  (  (X  ~  ^  )  are 
the  angles  formed  with  the  axis  of  symmetry  within  the  limits  of  which  lie 
the  normals  to  that  fraction  of  lineal  boundaries,  the  length  of  which  is 
defined  by  the  value  of  dL, 

Similar  to  expression  (28,2)  we  find  the  mean  number  of  intersections 

per  unit  length  of  the  secant,  m,  which  secant  has  a  certain  direction  n: 

IT 
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m  =  i  cos  (n,  m)  dL  =  L  lF  (  cK.  )  C03  (n,  m)  d  d  . 

i  ^ 

^  (20.5) 

From  the  latter  equation  we  have  to  obtain  the  relationship  between 


the  function  of  the  density  of  normals,  *  ( r{  )  and  direction  expressed 
through  the  angle  of  j  .  We  introduce  an  assumption  that  the  angles  of 
inclination  of  normals  to  the  axis  of  symmetry  vary  continually  as  a  mul¬ 
tiple  of  a  certain  small  angle  j  q.  If  this  angle  is  chosen  sufficiently 
small,  the  error  of  this  assumption  will  be  slight.  Let  us  consider  an 

example  of  calculations,  cited  by  A.  G.  Spektor,  in  which  the  angle  is 

■rr 

taken  equal  to  -g-  or  22,5  degrees. 

The  diagram  of  directions  chosen  with  respect  to  the  axis  of  symmetry 
of  the  structure,  is  shown  in  Figure  81.  The  axis  of  symmetry  coincides 
with  the  line  8-0.  From  this  diagram  it  is  apparent  that  the  mean  numbers 
of  intersections  in  directions  0  and  8,  1,  and  7,  8  and  6,  3  and  5,  co¬ 
incide  for  each  pair.  Assuming  that  all  values  of  cosines  have  a  plus 
sign,  we  derive  from  Formula  (28,5)  a  system  of  five  equations,  and  by 
solving  it  with  respect  to  the  value  of  the  function  of  density  of  normals 
we  find  the  following  working  formulas! 


o  =  'ig  =  (6,650  m^  -  6,150  nUj); 

L 

'■>'!  =  V7=  -J-  (3,325  m3  +  3,325  m4); 

V2  =  ^  =  "IT  (8,325  m1  -  6, ISO  m2  +  3,325  m^); 
w3  =  u5  =  (3,325  mQ  -  6,150  m2  +  3,325  m2)s 


•  4  *>  -j-  (6,650  m,  -  6,150  mj. 


(28.6) 


The  specific  length  of  boundaries  on  the  plane  of  polish  L,  found  in 
the  formula  (23.6),  is  determined  from  the  basic  formula  of  the  method  of 
random  secants  for  a  plane  (20,7  )i 


L  =  ~-  m  = 


m0  •  •  • 


(28.7) 


Knowing  the  mean  numbers  of  intersections  in  five  directions  (0,  1,  2,  3, 
and  4,  in  the  diagram  shown  in  Figure  8l)  it  is  possible  to  calculate  the 
functions  of  the  density  of  normals  for  each  direction  and  to  plot  in  ap¬ 
propriate  polar  diagram,  which  is  precisely  the  final  characteristic  of 
the  orientation  of  boundary  surface  areas,  done  by  the  method  in  question. 
The  method  described  may  be  illustrated  by  an  example,  cited  by  its 
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author  [146],  The  subject  of  the  investigation  was  the  interfacial  area 
of  pearlite  and  thorite  constituents  in  steel  wire  drawn  from  5,5  mm  down 
to  3.8  mm  in  diameter  (reduction  52  °/o).  The  mean  numbers  of  intersec¬ 
tions,  shown  in  Table  28,  were  determined  on  the  plane  of  polish  inter¬ 
secting  the  axis  of  symmetry  of  this  structure  (which  coincided  with  the 
axis  of  the  wire). 
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Table  28 
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In  the  same  table  are  also  presented  the  values  of  the  function  of 
the  density  of  normals,  r,  calculated  by  us  from  formulas  (28,6).  The 
value  of  this  function  must  be  always  positive,  as  it  follows  from  the 
formula  (23.4).  Therefore,  it  should  be  assumed  that  the  value  of  the 
function  of  the  density  of  normals  for  the  direction  coinciding  with  the 
axis  of  symmetry  (  r„  =  -0,04),  is  negative  either  because  of  inaccuracy 
of  initial  data  or,  which  is  more  probable,  due  to  insufficient  accuracy 


i'ig.  81.  For  the  computation  of  the  function  of  the  plane  of  the  normals 


Fig.  82.  Diagram  of  the  distribution  of  the  plane  of  the  normals 


Ix  should  be  noted  that  the  mathematical  tools  of  the  method  are 
rigorous  up  to  Formula  (23.5),  inclusive.  However,  calculations  based 
on  this  formula  are  approximate.  Although  theoretically  it  is  possible 
to  attain  any  accuracy  be  reducing  the  angle  j  ,  in  practice  it  is  quite 
difficult  to  attain,  for  the  calculation  in  this  case  becomes  extremely 
cumbersome.  The  value  of  ^  =  -g-,  taken  by  the  author  of  the  method,  is 

clearly  too  large. 

The  diagram  of  the  distribution  of  densities  of  normals  with  respect 
to  directions,  plotted  in  polar  coordinates  (Curve  l),  is  given  in  Figure  82. 
It  corresponds  to  the  data  found  in  the  table.  The  same  figure  shows  the 
rose  of  the  number  of  intersections  for  the  same  system  of  boundary  sur¬ 
face  areas,  constructed  from  the  mean  numbers  of  intersections,  m,  given 
in  Table  23  (Curve  2).  The  function  of  the  test  steels  normals  has  a 
maximum  value  in  the  direction  which  is  perpendicular  to  the  axis  of  sym¬ 
metry,  The  minimum  value  of  the  function,  as  it  should  have  been  antici¬ 
pated,  coincides  with  the  axis  of  symmetry.  For  the  sake  of  comparison, 
it  may  be  pointed  out  that  in  the  case  of  an  isometric  system  of  surface 
areas,  the  function  of  density  of  normals  is  0,318  for  any  direction. 

7/hen  comparing  the  diagram  of  the  distribution  of  the  density  of 
normals  with  the  rose  of  the  number  of  intersections,  one  cannot  fail  but 
note  a  number  of  advantages  of  the  latter.  The  rose  is  plotted  directly  from 
experimental  data,  whereas  when  we  calculate  on  the  basis  of  the  same  date, 
the  function  of  density  of  normals  we  clearly  introduce  additional  errors. 

The  rose  of  the  number  of  intersections  is  more  illustrative  for  it  char- 
acterizec  the  density  of  disposition  of  boundary  surface  areas  in  dif¬ 
ferent  directions,  that  is  it  characterizes  the  factor  which  has  a  direct 
connection  with  the  degree  of  anisotropy  of  properties.  Finally,  a  rose 
may  be  constructed  for  any  system  of  surface  areas,  whereas  the  function 
of  the  density  of  normals  may  be  calculated  only  for  a  system  of  surface 
areas  which  have  an  axis  of  symmetry.  The  method  considered  could  find 
applications  for  the  fine  analysis  of  boundary  surface  areas  but  only 
under  the  condition  that  a  more  accurate  and  at  the  same  time  a  more  sim¬ 
ple  method  for  calculation  of  the  function  of  density  of  normals  from 
Formula  (23.5)  would  be  found. 
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In  this  discourse  we  do  not  consider  the  evaluation  of  orientation 


by  the  value  of  diameter  ratio  of  microparticles,  for  this  evaluation  is 
concerned  rather  with  the  shape  of  microparticles. 


Section  29.  Accuracy  Norms  of  the  Method  of  Secants 


The  basic  formula  of  the  method  of  random  secants  ( 25 • 1 ) »  derived 
with  analytical  accuracy,  establishes  a  direct  proportionality  between 
the  values  of  the  specific  surface  area  and  the  mean  number  of  intersec¬ 
tions  of  surfaces  per  unit  length  of  random  secants.  Hence  it  follows 
that  the  relative  error  in  the  determination  of  the  mean  number  of  inter¬ 
sections,  m,  predetermines  the  same  kind  of  relative  error  in  the  unknown 
value  of  the  specific  surface  area, 

A  number  of  formulas  of  the  method  of  directed  secants  also  establishes 
a  direct  proportionality  between  the  values  of  the  total  specific  surface 
area  and  its  isometric  and  oriented  fractions  on  one  hand  and  mean  numbers 
of  intersections  in  certain  definite  directions  on  the  other.  These 
formulas  are  approximate  and  the  measure  of  their  accuracy  was  discussed 
previously.  The  error  in  determining  the  mean  humbers  of  intersections 
in  this  case  is  algebraically  superimposed  on  the  error,  and 

either  decreases  or  increases  it  by  the  value  proportional  to  the  error 
of  determination  of  mean  numbers  of  intersections. 

By  determining  the  accuracy  of  determination  of  the  number  m,  we, 
by  doing  that,  also  determine  the  accuracy  of  the  unknown  value  of  the 
specific  surface  area  in  the  volume  of  metal  directly  adjacent  to  the  plane 
of  polish  under  the  investigation.  The  question  as  to  how  accurately  the 
obtained  value  characterizes  the  structure  of  the  metal  as  a  whole  is  not 
ccnnoctod  to  the  accuracy  of  the  method  of  determination  and  is  dependent 
upon  the  uniformity  of  this  structure  and  the  volume  of  metal.  For  this 
reason  we  can  assume  that  the  accuracy  of  determination  of  the  statis¬ 
tical  mean  value  of  the  number  of  intersections  per  1  mm  of  length  of 
secants,  m,  simultaneously  represents  the  accuracy  of  determination  of 
the  value  of  the  specific  surface  area 

A  reservation  should  be  made  that  this  is  valid  in  the  case  of  cor¬ 
rectly  applied  method.  Thus,  for  example,  transverse  surfaces  of  polish 
of  steel  rods  are  commonly  used  for  standard  measurement  of  steel  grain 
size.  As  it  has  beer,  previously  mentioned,  it  is  more  rational  to  sub¬ 
stitute  the  measurement  of  the  specific  surface  area  of  grains  for  the 


measurement  of  the  grain  size.  However,  if  the  space  grains  are  not 
equiaxed,  which  cannot  be  revealed  on  a  transverse  plane  of  polish,  the 
application  of  the  method  of  random  secants  will  turn  out  to  be  incorrect. 
The  greater  the  deviation  of  the  grain  shape  from  equiaxed,  the  greater 
will  be  the  secondary  error  due  to  the  application  of  the  method  of  random 
secants  to  such  a  structure.  In  that  case,  the  measurement  must  be  made 
by  the  method  of  directed  secants  on  a  longitudinal  plane  of  polish. 

Ordinarily  two  techniques  for  counting  the  number  of  intersections 
of  grain  boundaries  by  secants  on  a  plane  of  polish  are  used:  a.  with 
a  traversing  plane  of  polish  and  b.  with  a  stationary  plane  of  polish. 

Each  of  these  methods  has  its  own  advantages,  short  comings,  and  fields 
of  application. 

In  the  first  case  an  ocular  with  a  cross  hair  is  used.  The  plane  of 
polish  is  continually  traversed  along  a  straight  line  by  means  of  a  micro- 
metric  screw  of  the  microscope  stage  or  by  a  two-coordinate  specimen 
traverse,  simultaneously  counting  the  number  of  times  boundary  lines  pass 
the  center  of  the  cross  hair  of  the  ocular.  In  this  case  the  length  of  a 
secant  is  equal  to  the  traverse  of  the  plane  of  polish,  recorded  by  the 
micrometric  screw  (in  millimeters).  By  shifting  the  plane  of  polish  or 
by  turning  it,  it  is  possible  to  repeat  the  determination  at  the  second 
secant,  etc,,  until  a  reliable  mean  value  of  the  number  of  intersections 
per  1  mm  of  secants,  m,  is  obtained.  In  this  technique  of  counting,  the 
length  of  each  secant  is  limited  only  by  the  over-all  size  of  the  plane  of 
polish  and  by  the  traverse  of  the  microscope  stage.  /'rM  T-3  apparatus, 
used  for  the  microhardness  detr  ’  nations,  is  quite  convenient  for  this 
purpose. 

When  structures  are  oriented  and  when  it  is  necessary  to  use  secants 
directed  at  definite  angles  to  the  axis  or  plane  of  orientation,  it  is 
expedient  to  use  a  polarized  microscope  of  M  ^rT-2  M/r-3  types,  etc., 
equipped  with  opaque  eliminators  and  rotating  stages  for  the  scale  grad¬ 
uated  in  degrees,  which,  unfortunately,  are  absent  in  metallographic 
microscopes.  When  working  with  '  a  T-3  instrument,  their  rotating  disc 
with  a  scale  graduated  in  degree  is  installed  or.  the  stage  of  the  instru¬ 
ment.  A  small  bag  of  the  disc  (see  Figure  83)  fits  (the  fit  is  not  too 
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tight)  a  hole  made  in  the  stage.  7/hen  a  specimen  is  fixed  in  this  manner 
all  of  its  surface  is  available  for  observation.  The  disc  is  successively- 
rotated  to  a  definite  angle  and  traversed  by  1  micrometric  screw.  After 
that,  the  stage  is  traversed  to  a  short  distance  in  perpendicular  direc¬ 
tion  by  the  second  screw  and  again  traversed  by  the  first  screw  so  that 
the  line  of  observation  passes  from  one  edge  of  the  specimen  to  another. 
Thus,  groups  of  mutually  parallel  secants,  with  different  directions  and 
covering  the  surface  subject  to  analysis  within  uniform  grid,  are  formed 
on  the  plane  of  polish. 
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Figure  83.  Device  for  turning  the  slide  to  a 
definite  angle  with  relation  to  the  direotion 
of  the  movement  of  the  table  of  the  instrument 
PUT-3. 


Fig.  6fy.  Change  in  the  magnitude  of  the  specific  surface  of  graphite 
along  the  cross  section  (diameter)  of  grey  iron  30  mm  in  diameter 

’.Then  working  with  ordinary  metallographic  microscopes  it  is  expedient 
to  set  up  two-coordinate  specimen  that  traverses  on  their  stages,  which 
prevents  traversing  of  the  specimen  into  mutually  perpendicular  directions, 
recording  the  value  of  traverse  on  a  scale  'ni.th/lMMiuAt  with  accuracy  of 
0,1  mm.  It  is  particularly  expedient  to  set  up  a  specimen  traverse  on  the 
stage  of  1!  X  f.!-7  microscope,  so  that  the  traverse  of  the  specimen  could 
be  made  by  left  hand.  In  the  existing  design  of  this  microscope  both  the 
traverse  and  focusing  are  made  by  right  hand,  with  the  left  hand  being 
free,  which  is  quite  inconvenient. 

The  advantage  of  traversing  the  specimen  with  simultaneous  counting 
is  the  possibility  of  using  maximum  magnifications,  which  makes  it  pos¬ 
sible  to  a  more  reliable  recording  of  the  fact  of  inetrsection  between 
the  grain  boundary  and  the  line  of  direction  of  the  center  of  the  cross 
hair.  In  this  case,  the  magnification  used  has  absolutely  no  effect  o 


I 


the  time  of  counting  of  a  given  number  of  points. 

The  method  of  traversing  specimen  should  be  preferred  in  all  cases 
when  it  is  necessary  to  determine  the  mean  number  of  intersections  of 
random  or  directed  secants  which  characterize  the  entire  area  of  the  plane 
of  polish  as  a  whole.  A  differentiated  determination  of  the  size  of  the 
specific  surface  area  from  individual  zones  of  the  plane  of  polish  re¬ 
quires  that  the  numbers  of  intersections  be  counted  separately  for  small 
areas  of  the  plane  cf  polish,  usually  in  separate  fields  of  vision;  in 
these  cases  the  method  of  traversing  the  specimen  necessarily  has  to  be 
replaced  by  the  method  of  counting  with  a  stationary  specimen.  For  example, 
Figure  84  shows  the  variation  of  the  dispersity  of  graphite  in  gray  cast 
iron  (which  is  estimated  by  the  value  of  its  specific  surface  area) 
across  the  section  of  a  casting  30  mm  in  diameter.  In  such  a  case  the 
count  is  made  successively  in  several  fields  of  vision  arranged  along 
the  diametrical  line  of  the  transverse  plane  of  polish  separately  for  each 
field.  The  rule  of  the  ocular-micrometer  or  the  cross  hair  of  the  ocular 
may  be  used  as  the  secant.  They  make  it  possible  to  count  in  one  field 
of  vision  a  large  number  of  points  into  mutually  perpendicular  directions, 
’.Then  applying  this  method,  the  length  of  the  secants,  that  is,  the  length 
of  the  projection  of  the  ocular  rule  on  the  plane  of  polish  or  the  diameter 
of  visible  field  of  vision  are  determined  with  the  aid  of  object  micrometer. 


Fig.  55.  Effect  df  the  width  of  the  sections  of  the  line  in  determining 
the  number  of  cross  sections  by  the  method  of  arbitrary  secants 
(A.  G.  Sp6ktor  flOhJ) 

Fig.  86.  Oculer  insertions  for  determining  the  average  number  of  cross 

sectiens  by  the  method  of  artibrary  sections,  these  inse  tions  being 
free  of  systematic  error 


The  greater  the  number  of  counted  points,  the  more  accurate  are  the 
results  of  the  determination.  In  view  of  that,  when  making  counts  with  a 
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stationary  specimen  it  is  desirable  to  use  low  magnifications,  for  the 
number  of  intersections  in  a  given  field  of  vision  is  inversely  propor¬ 
tional  to  the  magnification.  However,  when  using  low  magnifications  the 
error  increases  due  to  difficulty  of  establishing  the  fact  whether  grain 
boundaries  are  intersected  by  the  secant  or  pass  near  it.  Therefore,  it 
is  necessary  to  apply  sufficiently  high  amplifications  (which  are  deter¬ 
mined  by  the  dieperoity  of  the  structure);  the  accuracy  should  be  attained 
by  counting  in  a  greater  number  of  fields  of  vision,  which  in  the  final 
analysis  results  in  complications  and  slowing  down  of  the  count.  For 
this  reason,  the  use  of  the  method  of  stationary  specimen  is  rational  only 
when  due  to  conditions  of  investigation  it  is  impossible  to  use  the  method 

of  traversed  specimen. 
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Fig.  87.  Measurement  of  the  cumulative  average  number  of  cross  sections 
as  depends  on  the  computed  over-all  number  of  points  of  the  <5  oss 
sections  in  analysis  by  the  method  arbitrary  sections 


When  making  the  count  by  the  a,  thou  of  traversing  specimen  it  is 
desirable  to  use  an  ordinary  mechanical  counter  (Figure  16),  which  totals 
the  number  of  times  the  pedal  is  pressed.  The  counting  process  is  re¬ 
duced  to  the  traversing  of  the  specimen  and  simultaneous  counting  of  the 
number  of  intersections  by  the  counter.  The  length  of  the  traverse  and 
the  number  of  intersections  in  it  are  fixed  only  after  the  specimen  has 
been  completely  traversed.  7/hen  making  counts  by  the  method  of  stationary 
specimen,  it  is  necessary  to  record  the  number  of  intersections  in  each 
field  of  vision,  if  a  different  shade  of  analysis  with  respect  to  the 
zones  of  plane  of  polish  is  made.  If  the  number  of  intersections  is 
counted  for  the  entire  plane  of  polish  or  for  one  of  definite  directions, 
then  the  number  of  fields  of  vision  is  fixed  and  the  number  of  intersec¬ 


tions  may  be  counted  in  all  fields  oy  the  counter. 


Counting  of  the  number  of  intersections  using  traversing  and  sta¬ 
tionary  specimens  as  a  source  of  a  constant  error,  which  was  noted  by  A. 

C-.  Spektor  [104].  This  error  is  due  to  the  fact  that  the  rule  of  the 
ocular  micrometer  or  the  center  of  the  cross  hair  of  the  ocular  arc  not 
geometrical  lines  or  a  point  but  have  a  definite  "width"  which  may  be 
measured  with  the  aid  of  an  object  micrometer.  If  it  is  assumed  that  the 
visible  diameter  of  sections  of  microparticles  on  a  plane  of  polish  is 
d,  then  the  geometrical  secant  1  mm  long  will  intersect  all  spherical  sec¬ 
tions  the  centers  of  which  lie  within  the  band  d  wide  and  1  mm  long,  as 
it  may  be  seen  in  Figure  85a,  If  the  number  of  circles  per  1  mm  square 
of  the  plane  of  polish  is  n,  then  the  number  of  intersections  per  1  mm 
of  length  will  be  equal  (according  to  the  rule  of  the  total  projection 
onto  a  plane): 

m  =  2  nd.  (29.1). 

However,  if  the  secant  is  b  wide  (Figure  85b),  it  will  intersect  all  cir¬ 
cles  the  centers  of  which  are  within  the  band  the  width  of  which  is  d  plus 
b  and  the  total  number  of  intersections  per  1  mm  length  will  be  a  greater 
value  than  in  the  preceding  case : 

m'  =  2n  (d  +  b).  (29.2) 

It  is  obvious  that  the  error  will  be  the  greater  the  more  dispersed  is  the 
structure  subject  to  observations,  that  is,  the  greater  the  ratio  b/d,  and 
its  sine  will  be  always  positive  (the  calculated  number  of  points  is  higher 
than  the  true  one). 

A,  G.  Spektor  proposed  to  introduce  an  appropriate  correction.  To 
calculate  the  latter  it  is  necessary  to  determine  secondary  parameters 

n 

of  the  structure  (the  number  of  intersections  per  1  mnr  of  tne  plane  of 
polish),  which  considerably  complicates  the  determination  and  is  possible 
only  when  the  sections  of  microparticles  are  circles.  It  is  much  more 
simple  to  reduce  to  zero  the  "width"  of  a  secant  or  of  a  point,  which  may  be 
readily  accomplished  in  practice.  The  rule  for  counting  the  number  of 
intersections,  which  replaces  the  rule  of  a  conventional  ocular  micro¬ 
meter,  is  shown  in  Figure  86a.  The  count  is  made  from  lines  separating 
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the  dark  and  light  fields,  which  are  geometrical  lines  without  "width". 

In  order  to  obtain  a  greater  number  of  intersections  in  a  given  field  of 
vision  it  is  expedient  to  use  an  ocular  insert  with  a  spiral,  shown  in 
Figure  86b.  The  count  may  be  made  from  the  internal  as  well  as  external 
contour  of  a  spiral.  It  is  not  difficult  to  measure  the  length  of  the 
spiral,  since  it  is  made  up  by  semicircles.  When  the  analysis  is  made 
by  the  method  of  traversing  specimen,  it  is  expedient  to  replace  the  ocular 
with  a  cross  hair  by  an  ocular  with  an  insert,  having  a  dark  sector,  de¬ 
scribed  previously  (Figure  43).  The  apex  of  the  sector  is  the  geometri¬ 
cal  point  and  the  need  for  corrections  is  eliminated. 

These  means  eliminate  sources  of  the  constant  error  noted  by  A.  G. 
Spektor  and  completely  eliminate  the  need  for  any  corrections  which  com¬ 
plicate  the  determination. 

As  a  result  of  counts  we  have  two  figures  at  our  disposal:  the  total 
length  of  secants,  1,  on  which  the  count  was  made,  and  the  total  number 
of  intersections  of  a  given  system  of  boundary  lines  and  secants,  Z. 

The  mean  number  of  intersections  per  1  mm  length  of  secants  we  find  is 
the  ratio  of  these  two  quantities: 

Z  -1 

m  =  -T~  mm  . 

(29.3) 

As  any  other  statistical  mean  value,  the  number  m  is  more  accurate 
the  greater  the  number  of  separate  observations  or  measurements,  that  is, 
in  the  given  case  the  greater  the  number  of  counted  intersections,  C.  We 
determined  the  mean  number  of  intersections  of  the  rule  of  the  ocular  mi¬ 
crometer  and  interfacial  boundary  lines  of  thorite  and  pearlito  consti¬ 
tuents  in  hypoeutectoid  steel  (0.3 fo  C.)  The  count  was  successively  made 
in  100  fields  of  vision  with  fixing  the  results  for  each  field  of  vision 
separately.  The  length  of  the  rule  of  the  ocular  micrometer  in  the  plane 
of  polish  was  0.465  mm,  with  magnification  315. 

’lumbers  of  intersections  3,12,  8,  3,  8,  etc.,  were  obtained  in  the 
course  of  taking  measurements  in  the  fields  1,  2,  3,  4,  5,  etc.  Cumu¬ 
lative  numbers  of  intersections  were  respectively  3,  15)  23,  26,  34,  etc,, 
and  cumulative  means  were  3.0,  7.5,  7.7,  6.5,  6.8,  etc.  Variations  of 
the  cumulative  mean  number  of  the  intersections,  Z,  with  the  cumulative 


a9A 


number  of  intersections,  Z,  are  shown  in  Figure  87.  As  the  latter  increases, 
the  limits  of  fluctuations  of  the  cumulative  mean  value  are  becoming  in¬ 
creasingly  narrow  and  it  becomes  stabilized  approximating  the  true  value. 
Thus,  when  the  number  of  points  is  greater  than  800,  the  actual  deviations 
from  the  mean  value  do  not  exceed  0.11,  that  is  approximately  2$  of  the 
value  which  is  being  determined.  At  the  same  time,  in  individual  fields 
of  view,  the  number  of  intersections  varies  in  a  wide  range  between  2 
and  14,  which  may  be  seen  in  combined  data  for  all  100  fields  oi  vision 
listed  in  Table  29.  On  further  increase  of  the  number  of  field  of  visions, 
these  extreme  limits  may  be  widened  even  more,  The  common  mean  number  of 
intersections  for  all  100  fields  of  vision  is  5.99  for  the  length  of 
0.465  mm,  The  mean  quadratic  deviation  of  this  number,  calculated  from 
the  data  in  Table  29,  is  2.48. 

Table  29 
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As  we  have  already  stated,  the  error  in  the  determination  and  the 
reliability  or  probability  of  producing  precisely  this  error  are  inalien¬ 
ably  related  to  each  other.  In  order  to  compute  the  value  of  errors, 
produced  with  a  certain  probability,  it  is  necessary  to  know  the  value 
of  the  mean  quadratic  deviation.  In  the  example  cited  abo/e  this  devia¬ 
tion  was  determined  exp°rimentally  and  was  2.43  intersections  per  singular 
field  of  vision,  Therefoi  the  absolute  error  of  determination,  /\, 
produced  by  examining  this  structure  only  in  one  field  of  vision,  will  be 
defined  by  the  equation: 

/\  -  t  <T  [ZJ  =  2*43t , 


(29.4) 


where  t  is  the  normalized  deviation  related  to  the  validity  or  probability 
of  producing  an  error  not  greater  than  the  one  defined  by  Formula  (29.4). 

This  relationship  has  been  cited  previously  in  the  description  of  the 
lineal  method  of  analysis  (Section  15 ),  and  the  values  of  normalized 
deviation  t  for  different  values  of  probability  P  are  listed  in  Table  12. 

Using  the  data  in  this  table  it  is  possible  to  determine  that  in  the  exam¬ 
ple  of  analysis  cited  the  probable  error  (when  the  probability  P  is  0.5) 
will  be  =  0.675  x  2.43  =  1.67,  that  is  the  plus  or  minus  deviation  from 
the  mean  value  of  the  number  of  intersections  (5.99)  will  not  exceed  the 
found  value  of  1.67  in  at  least  'jO'/o  of  analyses  (in  the  given  case  in  5 Oj 
of  examined  fields  of  vision).  In  other  words,  in  at  .least  half  of  the 
number  of  analyses  the  result  must  satisfy  the  limits  from  5.99-1.67  = 

4.32  to  5.99  +1.67  =  7.66,  or  in  round  figures  from  4  to  8  intersections 
in  one  field  of  vision.  The  examination  of  Table  29  shows  that  actually 
64  fields  of  vision  from  100  examined  are  found  within  these  limits. 

7,'e  cannot  for  each  analysis  carry  out  a  series  of  measurements 
instead  of  only  one  measurement  for  the  sole  purpose  of  finding  the  mean 
quadratic  deviation  needed  for  the  calculation  of  an  error  from  Formula  (29.4). 
At  the  same  time  the  complexity  of  systems  of  grain  boundaries  on  the  plane 
of  polish  does  not  make  it  possible  to  calculate  the  geometric  probability 
of  intersection  beforehand  and  to  determine  the  mean  quadratic  deviation 
from  it,  as  we  had  done  in  calculating  the  accuracy  of  the  point  method  of 
analysis  for  A.  A.  Glagolev  in  Section  16,  For  this  reason,  we  have  to 
determine  regularities  which  correlate  the  structure  and  the  conditions 
of  analyses  with  the  value  of  the  mean  quadratic  deviation  which  occurs 
in  this  case. 

If  the  length  of  the  secant  is  increased  ”  times,  the  mean  number  of 
intersections  of  1  secant  will  be  increased  just  as  many  times.  From  the 
theory  of  probabilities  it  is  known  that  when  all  the  values  of  the  char¬ 
acteristic  are  multiplied  by  one  and  the  same  number  14,  both  its  mean 
value  and  the  mean  quadratic  deviation  are  increased  just  as  many  times. 

It  is  also  known  that  the  value  of  the  mean  quadratic  deviation  is  inversely 
proportional  to  the  square  root  of  the  number  of  observations,  which  in 
our  case  corresponds  to  the  number  of  points  counted  in  the  course  of  the 
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analyses. 


Therefore,  in  the  final  analyses,  we  shall  have  a  directly  propor¬ 
tional  relationship  between  the  mean  quadratic  deviation  and  the  square 
root  of  the  number  of  points  counted  during  the  determination.  This  pos¬ 
tulate  is  valid,  if  having  a  single-type  system  of  lines  on  a  plane  we 
shall  vary  the  scale  of  the  image,  maintaining  the  length  of  the  secant 
constant  or,  conversely,  if  we  shall  vary  the  length  of  the  secant,  super¬ 
imposed  on  the  one  and  the  same  system  of  lines,  However,  the  coefficient 
of  proportionality,  as  the  study  of  numerous  types  of  structures  and  shapes 
of  secants  has  demonstrated,  is  not  a  constant  value  and  is  dependent 
both  ypon  the  nature  of  the  structure  (to  be  more  exact  upon  the  character 
of  the  system  of  boundary  lines  on  the  plane  of  polish  (and  upon  the  con¬ 
ditions  of  determination).  For  the  structure  of  lamilar  graphite  of 
gray  cast  iron,  iust  examined,  the  relationship  between  the  mean  quadratic 
deviation,  Z  and  the  number  of  intersections,  Z,  is  expressed  by  the 
formulas 


where  coefficient  t  is  1,06. 

Figure  88  shows  the  graph  for  a  system  of  grain  boundaries  of  poly¬ 
hedral  structure  with  equiaxed  grains  of  uniform  size  (line  l).  Here  the 
value  of  the  coefficient  of  proportionality  k  is  0,"'  The  same  figure 
shows  the  relationship  of  the  mean  quadratic  .on  to  the  number  of 

intersections  for  interfacial  boundaries  betu— .  .:ementite  and  thorite 
in  granular  pearlite  (line  2).  For  this  cas  t  was  found  that,  coeffi¬ 
cient  k  is  1,02. 

At  one  and  the  same  l«nrrth  of  secants,  the  same  specific  length  of 
grain  boundaries  and,  consequently,  with  the  mean  number  of  intersections 
per  1  secant  being  the  same,  the  mean  quae  ' ,c  deviation  of  this  number 
may  vary.  Let  us  consider  in  this  connec  jn  a  3ystera  of  boundaries  of 
of  equiaxed  thorite  grains  shown  in  Fign  49.  The  specific  lengths  of 
grain  boundaries  in  Figure  89  almost  prec isely  coincides  with  the  specific 
length  of  boundaries  of  equiaxed  thorite  grains  3hown  in  Figure  49. 
However,  if  secants  of  the  same  length  are  to  be  drawn  on  both  figures, 
it  can  be  predicted  that  the  ra  ge  of  fluctuations  of  the  number  of  inter- 
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sections  per  1  secant  will  be  considerably  wider  in  the  case  of  the  struc¬ 
ture  shown  in  Figure  89  than  in  the  case  cf  the  structure  shown  in  Figure 
49.  Actually,  the  numbers  of  intersections  on  secants  directed  parallel 
and  perpendicular  to  the  orientation  axis  will  differ  drastically  in 
Figure  89,  whereas  in  Figure  49  they  will  be  more  stable,  for  they  are 
not  dependent  upon  the  direction  of  the  secant.  This  is  valid  for  rec¬ 
tilinear  secants.  However,  if  circular  secants  or  secants  shaped  as 
spirals  are  substituted  for  rectilinear  secants,  no  essential  scatter  cf 
intersection  points  would  occur  on  individual  secants  even  when  the  boun¬ 
daries  are  oriented,  for  the  shape  of  such  secants  assures  the  equal 
probability  of  the  intersection  angle  regardless  of  the  orientation  of 
boundaries.  In  Table  30  are  given  the  numbers  of  intersections  for  a 
system  of  boundaries,  shown  in  Figures  49  and  89,  with  several  secants  of 
the  same  length  (100  mm),  but  shaped  either  as  circles  or  straight  lines, 
superimposed  over  the  former.  For  each  of  the  four  cases  we  calculate 
the  mean  numbers  of  intersections  per  1  secant,  Z,  and  mean  quadratic  de¬ 
viations  of  these  numbers,  Z  ,  which  are  given  in  the  bottom  lines 
in  Table  30,  Also  there  are  listed  the  values  of  the  coefficient  of  pro= 
portionality,  k,  determined  in  agreement  with  Formula  (29.5)  from  actually 
determined  values. 


Fig.  88.  Dependence  of  the  average  quadratic  deviation  of  the  number  of 
cross  sections  on  theover-all  number  of  computed  points  of  the 
cross  sections 

Fig.  89.  Structure  of  sheet  transformer  steel.  Plane  of  the  slide  is 
perpendicular  to  the  plane  of  the  sheet  X100 


The  data  obtained  indicate  that  the  mean  numbers  of  intersections 
in  all  four  cases  differ  little  from  each  other,  for  the  length  of  boun¬ 
daries  in  Figures  49  and  89  is  almost  the  same.  In  the  first  three  cases 
the  values  of  the  coefficient  k  are  also  almost  identical  and  considerably 


j^bWudujUL, 


£MU 


Macao 

ni'pccevcH»fl 
41  a  A.1HHC 
I  00  it  M 


-&T&TJLH 

CrpyKTypa  no  pac.  49 

AtU^C 

T!i*tUAV*' 

^yUA* 

H  ii  c  .1  a  c  .1  y  i  a  e  i 


(  §  U-*-*-} 

clvZr.TT 

CtpyKTyp*  no  pirc.  i 


Table  30 


l 

0  Z\ 
k 


11.77 

I. 58 

II, 41) 


11.65 

1,74 

0,51 


\ 

1 

- 

2 

■  » 

1 

— 

4 

5 

6 

A 

J 

1  - 

- 

5 

i 

— 

— 

1 

6 

i  __ 

— 

2 

7 

1 

— 

7 

8 

,  4 

4 

5 

2 

'■> 

'  8 

10 

6 

5 

I  !0 

34 

24 

25 

6 

i  11 

38 

32 

51 

2 

12 

52 

31 

49 

7 

1.4 

39 

22 

35 

A 

It 

15 

12 

22 

8 

15 

16 

8 

•» 

4 

3 

5 

2 

11 

9 

IT 

1 

11 

M 

— 

7 

19 

—  ; 

— 

— 

1 

Bccfo 

2U) 

146 

201) 

"‘lIlO 

11.81 

1,54 

0.45 


11,47 

5.15 

1,52 


below  the  value  found  from  the  graph  shown  in  figure  83,  for  in  that  case 
the  analysis  was  carried  out  directly  on  the  plane  of  polish  using  many 
fields  of  vision,  due  to  which  the  fact  of  the  fluctuation  of  the  specific 
length  of  boundaries  over  the  plane  of  polish  was  felt.  In  the  given 
case  the  analysis  was  carried  out  within  the  limits  of  a  small  area, 
Figures  49  and  89,  corresponding  to  one  field  of  vision.  Just  as  it  was 
anticipated,  the  abnormally  high  value  of  the  mean  quadratic  deviation  and 
of  the  coefficient  k  occur  wnen  a  system  of  boundaries  is  oriented 
figure  89)  and  when  the  secant  is  rectilinear  disposed  at  various  angles 
to  tr.  ■>  orientatic  1  axis. 

Let  us  discuss  :he  results  obtained.  The  value  of  the  coeff icior \ 
of  proportionality  k  varies  within  a  quite  wide  range  of  0.45  to  1,52 
(under  different  conditions  it  is  possible  that  this  range  is  wider). 

The  value  of  this  coefficient  is  first  of  all  affaotod  by  the  actual 
fluctuation  of  the  specific  length  or  the  density  of  boundaries  in  indi 
vidual  fields  of  vision.  Therefore,  the  direct  analysis  or.  the  plane 
of  polish  produces  the  coefficient  k  of  higher  values  (0.74  to  1,06) 
than  by-  the  analysis  within  the  limits  of  a  singular  field  of  vision  (0.45 
to  O.pi) 


The  uniformity  of  distribution  of  intersection  points  along  the 
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secant  is  of  great  importance.  Thus,  under  the  same  conditions  of  analysi 
(a  singular  field  of  vision,  the  same  length  of  secants,  the  same  specific 
length  of  boundaries),  the  value  of  the  coefficient  k  is  approximately 
twice  as  low  for  the  isometric  system  of  boundaries,  shown  in  Figure  49 , 
as  compared  with  an  oriented  system,  shown. .in  Figure  89  (0,51  and  1,52, 
respectively).  It  is  obvious  that  as  the  degree  of  orientation  is  in¬ 
creased,  this  ratio  would  be  even  higher,  A  circular  secant  automatically 
assures  an  equal  probability  of  any  angle  of  intersection  with  grain 
boundaries,  regardless  whether  they  ace  oriented  or  isometric.  Therefore, 
circular  (or  spiral)  secants  produce  a  small  coefficient  k  (0,45  to  0,46); 
regardless  of  orientation. 

The  nonunif ormity  of  the  density  of  boundaries  has  an  essential  in¬ 
fluence  on  the  value  of  coefficient  k  in  microareas  even  in  singular 
fields  of  vision;  this  nonunif ormity  is  due  to  specific  pecularities  of 
certain  structures.  If  a  secant  is  drawn  over  a  polyhedral  structure, 
similar  to  the  one  shown  in  Figure  49;  then  the  points  of  intersections 
will  be  relatively  uniformly  distributed  along  the  secant  and  the  mean 
distance  between  two  adjacent  points  will  have  a  definite  value.  In 
this  case,  just  as  we  have  seen,  the  analyses  on  the  plane  of  polish 
produces  1  minimum  of  value  of  the  coefficient  k  -  0,74  and  the  analysis 
in  a  singular  field  of  vision  produces  the  value  of  0.46  to  0,51.  'In 
other  pictures  observed  in  structures  in  which  intersection  points  of 
secants  are  distributed  as  if  in  paris.  Examples  of  such  systems  of  boun¬ 
daries  may  be  boundaries’  of  graphite  in  gray  cast  iron,  boundaries  of 
thorite  or  cementite  in  hypo-  and  hypereutectoid  steel,  if  the  thorite  or 
cementite  form  a  fine  network  over  grain  boundaries  of  pearlite,  grain 
boundaries  of  cementite  in  granular  pearlite,  etc..  In  this  case  the 
drastic  difference  in  distances  between  adjacent  points  is  manifest  on 
secant  intercepts  passing  through  the  graphite  and  metal  base  of  gray 
cast  iron,  through  the  thorite  or  cementite  or  through  pearlite  grains 
in  steel,  through  cementite  grains  and  throtie  base  of  granular  pearlite, 
etc . 

If  a  frequency  curve  is  plotted  for  distances  between  adjacent  points 
of  intersections  or.  secants  for  a  structure  of  the  type  shown  in  Figure 


49,  the  curve  would  shew  one  maximum,  However,  for  types  of  structures 
enumerated  above  each  frequency  curve  would  exhibit  two  maxima.  This 
nonuniformity  of  distribution  of  intersection  points  on  secants  prede¬ 
termines  their  high  mean  quadratic  deviation,  obtained  in  these  cases, 
and,  consequently,  a  high  coefficient  of  proportionality  k  (l,02  to  1,06 
or  higher). 

By  way  of  summing  up,  it  is  possible  to  note  that  in  the  analysis 
directly  on  the  plane  of  polish  the  value  of  the  coefficient  k  in  Formula 
(29.5)  on  an  average  is  1  and  more  frequently  .is  found  within  the  limit 
of  0.7  and  1.2.  Lower  values  correspond  to  the  uniform  distribution  of 
boundaries  over  the  plane  of  polish  and  of  intersection  points  over  the 
length  of  the  secant.  Higher  values  correspond  to  structures  with  "paired" 
or  "doubled"  boundaries,  the  examples  of  which  have  been  presented  pre¬ 
viously  and  also  correspond  to  nonuniform  distribution  of  boundaries  over 
the  plane  of  polish.  All  of  the  aforesaid  is  applicable  to  isometric 
systems  of  lines  on  a  plane  of  polish. 

The  most  adverse  conditions  are  developed  in  the  analysis  of  oriented 
systems  of  boundaries  using  rectilinear  random  secants,  when  the  values 
of  coefficient  k  exceed  the  upper  limit  of  above  given  norms.  However,, 
it  should  be  noted  that  in  the  case  of  oriented  structures  we  are  using 
not  random  but  directed  secants  and  in  the  analysis  by  the  method  of 
oblique  planes  of  polish  we  may  employ  circular  or  spiral  secants.  There¬ 
fore,  in  practice  we  have  to  deal  with  this  unfavorable  combination  of 
conditions  of  analyses. 

Further  in  our  discourse  we  shall  assume  the  coefficient  k  equal  to 
unity.  In  connection  with  previously  cited  concrete  examples  in  isolated 
cases  it  will  be  possible  to  introduce  appropriate  corrections.  From 
Equations  (29.4)  and  (29.5)  it  follows: 

=  kt  y~zT"  (29.6) 

'.Vhen^is  the  absolute  error  in  the  numbers  of  intersection  points;  Z 
is  the  number  of  intersection  points  counted  in  the  course  of  the  analysis. 

As  it  has  been  previously  demonstrated,  the  error  in  the  determina¬ 
tion  of  the  value  of  specific  surface  area  is  equal  to  the  error  of  the 
determination  of  the  mean  number  of  intersections.  The  relative  error 
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in  determination  of  these  values  may  be  found  from  Formula! 

$  =  -f-  100 i  =  ^-loo/o.  (29.7) 

The  latter  equation  finally  determines  the  relationship  between  the 
relative  error  of  the  determination  of  the  specific  surface  area  by  the 
method  of  secants,  the  validity  of  the  determination  and  the  number  of 
points  counted  in  the  course  of  the  analysis.  From  this  formula  it  is 
possible  to  calculate  the  relative  error  of  the  carried  out  analysis, 
having  specified  any  validity  of  its  derivation  and  vice  versa. 

For  the  preliminary  count  of  the  required  number  of  points  of  inter¬ 
sections,  which  assures  the  determination  of  a  definite  relative  error 
with  a  prespecified  validity,  we  are  using  Formula: 

7  -  10000  k2  t? 

S2  (29.8) 

Let  us  assume  that  we  specify  the  value  of  the  relative  error  5  =  5$ 
with  the  validity  P  =  0.9  (at  which  the  normalised  deviation  t  has  the 
value  of  1.6449).  1°  that  case  the  required  number  of  points  of  inter¬ 

sections  between  the  secants  and  boundaries,  which  has  to  be  calculated, 
may  be  found  from  the  Equation  (29.8)  and  will  be  equal  to  1.82  (at  the 
coefficient  k  =  l). 

If  we  shall  carry  out  a  large  series  of  determinations  (1082  points 
in  each),  then  the  obtained  relative  error  will  somewhat  exceed  the  figure 
which  we  have  specified,  that  is  57^»  in  not  more  than  10/£  of  determinations. 
In  other  90%,  the  error  will  be  less  than  5$,  In  other  words,  by  carrying 
out  a  singular  determination,  counting  1032  points,  we  can  assume  that  the 
validity  of  the  obtained  results  is  0.9  or  90™. 

In  order  to  avoid  counting  in  each  individual  case,  we  have  compiled 
Table  31  which  is  in  agreement  with  Formulas  (29.7)  and  (29,0). 

Specifying  the  permissibility  of  the  relative  error  of  the  antici¬ 
pated  results  of  the  analysis  and  its  validity,  it  is  possible  to  find 
directly  from  this  table  the  required  number  of  points  of  intersections, 

'Then  calculating  the  data  in  the  table  the  value  of  the  coefficient  k 
was  taken  as  1.  Therefore,  for  concrete  systems  of  boundaries  the  number 

of  points  of  in tersectio.ns  derived  from  the  table  is  corrected  by  multi- 
2 

plying  by  k  . 
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If  the  analysis  has  been  already  carried  out  and  the  total  number 
of  counted  points  of  intersections  is  Z,  it  is  possible  to  find  the  value 
of  the  relative  error  c>  from  Table  32.  This  quantity  obviously  will 
differ,  depending  upon  its  validity.  Thus,  if  1000  points  have  been  counted, 
the  relative  error  will  be  2 . 1$  with  the  validity  of  0.5  (this  will  be 
"a  probable  error"),  2,7 $  with  the  validity  of  0,6,  and  on  to  6.2$  with 
a  validity  of  0.95. 

When  calculations  are  made  directly  from  Formulas  (29.7)  and  (29,8) 
the  values  of  normalized  deviation  t  for  different  values  of  the  probabil¬ 
ity  P,  which  characterizes  the  validity  of  the  result  of  the  analysis, 
are  found  in  Table  12. 

The  carried-out  method  of  calculating  the  error  of  determination 
when  using  the  analysis  by  the  method  of  random  secants  is  convenient 
for  it  does  not  require  determination  of  any  additional  values  by  means 
of  repeated  analyses,  etc.  The  total  number  of  points  of  intersections, 
counted  in  a  course  of  the  analysis,  is  also  used  for  the  determination 
of  the  mean  number  of  intersections,  m,  and  for  calculation  of  the  value 
of  the  specific  surface  area,  as  well  as  for  the  calculation  and  deter¬ 
mination  of  the  error  of  analysis  from  the  tables  [147]. 
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Section  30.  Measurement  of  Linear  Elements  of  the  3-Dimensional  Struc¬ 
ture  of  Metals  and  Alloys 

Speaking  strictly  realistically  no  elements  of  spatial  structure  are 
possible  having  only  one  dimension;  therefore,  discussing  such  elements 
we  have  in  mind  formations  whose  dimensions  of  cross  section  are  signifi¬ 
cantly  small  as  compared  with  their  linear  extent. 

Let  us  consider  the  spatial  structure  of  a  polycrystalline  aggre¬ 
gate  consisting  of  a  number  of  crystallites  of  different  dimensions  and 
shapes.  These  crystallites  are  separated  from  each  other  not  by  just  a 
system  of  boundary  surfaces.  Surfaces  of  the  system,  intersecting  with 
each  other,  form  a  3-dimensional  system  of  lines  which  may  be  called  a 
system  of  H  lines  of  crystallites.  Quantitatively  a  system  of  K  lines 
may  be  estimated  by  the  total  length  of  all  the  lines  per  unit  volume 
of  polycrystal,  measured  in  mm/mm^. 

By  intersecting  a  polycrystalline  aggregate  by  a  p]ane,  we  obtain  a 
number  of  traces  where  this  plane  meets  with  the  system  of  lines  of  cry¬ 
stallite  edges.  On  the  microsection  of  a  polycrystal,  these  traces  are 
junction  intersection  points  of  boundary  lines  of  the  cross  sections  of 
crystallites;  that  is,  junction  points  of  neighboring  flat  grains.  Ex¬ 
tensive  experience  from  metallographic  analyses  show  that,  as  a  rule, 
vertexes  of  three  flat  grains  come  together  at  junction  points  on  a 
microsection  of  a  single-phase  polycrsstal.  Consequently,  in  space  also 

the  H  lines  of  crystallites  belong  simultaneously  to  three  adjacent  cry- 

r 

stallites.  However,  in  some  cases  junction  of  a  large/number  of  grains 
has  been  found  at  a  junction  point  on  a  microsection.  Thus,  for  example,. 
G.  Ya.  Vasil  ye  measured  microhardness  at  junction  points  not  only  of 
three  but  of  four  ferrite  grains  [148].  However,  generally  in  such  cases, 
when  it  seems  to  us  that  four  grains  come  together  at  a  certain  junction 
point,  additional  clarification  always  shows  that  actually  this  is  the 
case  not  of  one  but  of  two  junction  points  located  quite  close  to  each 
other. 

Since  it  is  possible  to  draw  a  plane  through  any  three  points, 
such  as  three  centers  of  crystallizatior  the  nearest  to  each  other, 
let  us  construct  in  this  plane  the  lines  at  which  crystallites,  growing 
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at  different  linear  rates  of  spherical  growth,  meet.  Such  a  structure, 
shown  in  Figure  $0,  indicates  that  the  three  boundary  lines  which  separate 
adjacent  crystallites,  meet  at  one  point.  The  greater  the  difference  in 
the  linear  rate  of  growth  of  adjacent  crystallites,  the  greater  the  cur¬ 
vature  of  the  boundary  line  between  them.  At  equal  growth  rate,  the 
boundary  lines  happen  to  be  straight.  If  the  rate  of  growth  is  not 
spherical,  the  boundary  lines  have  a  more  complex  curvature,  for  instance, 
wavy.  However,  in  all  cases  the  boundary  lines  of  three  adjacent  cry¬ 
stallites  join  at  one  point  on  a  plane. 


Fig.  90.  Sketch  of  the  formation  of  a  joint  of  three  grains  with  spherical 
syngony  of  the  growth.  Plane  of  the  drawing  runs  through  the  center 
of  the  crystallization  of  the  grain,  rate  of  growth  of  which  varies 

In  a  structure  containing  more  than  one  constituent,  the  H  lines  of 
microparticles  of  any  one  constituent  may  be  exhibited  more  or  less  clear¬ 
ly,  that  is  three  phases  which  one  of  them  may  be  joined  at  a  smaller  or 
greater  angle.  In  the  plane  of  the  microsection  this  will  correspond  to 
sharply  broken  or  smooth  boundary  lines  of  a  given  structural  constituent. 
For  example,  surfaces  of  graphite  platelets  in  the  gray  cast  iron  come 
together  at  very  small  angles  forming  clearly  exhibited  edges  of  platelets. 
For  this  reason  ir.  the  plane  of  the  microsection  also  the  traces  of  lines 
of  these  edges  are  clearly  manifest  in  a  form  of  terminal  points  of  cross 
sections  of  graphite  platelets.  Microparticles  of  SnS  compound  in 
babbitts  are  shaped  as  quite  regular  cubes  and  in  the  plane  of  a  micro¬ 
section  form  polygons,  with  number  of  sides  ranging  between  three  ans  six, 
whose  vertexes  are  clearly  manifest.  Generally  speaking,  however,  as 
compared  with  a  single-phase  structure,  the  traces  of  intersections  of 
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edges  of  microparticles  are  less  clearly  exhibited  on  the  plane  of  micro¬ 


section,  since  in  the  first  case  they  are  marked  by  junction  points  of 
three  boundary  lines  and  in  the  second  case  they  are  marked  only  by  a 
more  or  less  distinct  rate  in  the  boundary  line. 

Besides  the  lines  of  edges  of  microparticles,  other  elements  of 
structure,  in  which  one  dimension  clearly  predominates  over  the  other  two, 
may  be  also  of  interest  to  us.  Such  elements  are  formations  which  have 
a  special  shape  of  rods,  filaments,  fibers,  aciculae  (should  not  be  con¬ 
fused  -with  "needles"  on  a  plane,  for  example  with  aciculae  of  martensite, 

which  in  reality  are  shpaed  as  platelets).  Microparticles  of  Cu -Sn 

b  5 

compound  in  babbitts,  which  are  shaped  as  thin  cylindrical  rods  (see 
Figure  3)  may  be  cited  as  an  illustration  of. such  formations. 

Let  us  assume  that  a  system  of  straight,  curved,  continuous  or  broken 
lines  is  found  in  space,  which  lines  are  disposed  and  directed  in  any 
fashion,  randomly  or  with  a  geometrical  regularity.  The  problem  is  set 
up  to  determine  the  length  of  lines  in  the  system  in  a  unit  of  volume, 
using  for  this  purpose  measurements  on  its  planar  cross  section. 

Let  us  draw  a  number  of  secant  planes  which  intersect  the  volume 
being  investigated.  The  planes  are  disposed  and  oriented  randomly. 

After  that,  let  us  calculate  the  number  of  intersections  formed  by  the 

_2 

planes  and  lines  of  the  system  as  M,  expressing  it  in  mm  .  The  specific 

length  of  lines  we  shall  designate  as  expressing  it  in  mm/mm\ 

Let  us  also  note  that  the  dimensionality  of  both  quantities  is  one  and 
-2 

the  same,  mm  ,  Let  us  demonstrate  that  a  unique  relationship  exists 
between  the  quantities  L  and  M,  and  that  the  specific  length  of  lines 
and  the  mean  number  of  intersections  per  unit  area  of  the  secant  plane 
are  directly  proportional  to  each  other.  If  this  is  so,  then  having 
readily  determined  the  number  M  from  the  microsection,  we  shall  also 
find  the  value  of  £L. 

In  order  to  find  the  relationship  between  quantities  M  and  J)  L, 
we. isolate  in  space  a  large  number  of  thin  flat  platelets  of  disappear- 
ingly  small  thickness  A  ,  instead  of  a  system  of  secant  planes.  In  the 
limit,  at  /.=  0,  these  platelets  become  secar.t  planes.  The  distribution 
of  platelets  in  space  is  statistically  uniform  and  their  orie;  tation 
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random  so  that  the  number  of  usually  parallel  platelets  is  the  same  for 

any  direction  in  soace.  Let  the  total  area  of  all  platelets  be  equal  to 

F  and  the  total  number  of  intersections  with  the  lines  of  the  system  be 

2 

FM,  where  M  is  the  mean  number  of  intersections  per  1  mm  of  the  area  of 
platelets.  Then,  FI!  number  of  intercepts  of  the  lines  of  the  system  vail 
be  found  in  volume  F  j\ .  We  shall  consider  the  intercepts  to  be  straight 
lines,  since  the  thickness  of  platelets,,/!,  approaches  zero.  The  total 
number  of  intercepts  per  unit  volume  of  platelets  is  equal  to: 


•a 


FM 

~f2T 


(30.1) 


If  the  acute  angles  formed  by  intercepts  and  planes  by  which  they 
are  intersected,  are  designated  as  >  £,  )  y  •  •  then  the  length 

of  intercepts  will  be  respectively: 


/A  _ /,  _  /  .  /  .  __ 

sin?7’  sin slnYi  ’ "  ‘ ’sin~~  ’ 

The  total  length  of  all  intercepts  per  unit  volume  of  platelets,  or  the 
same  per  unit  volume  of  metal,  will  be: 


?7L  =  /!  (l/sin  ^  +  l/sin  ^  +  l/sin  ^  +  . . 

r  f 

-  M  /  l/sin  ^  +  l/sin  / ^  +  l/sin  ^  + 


•  +  l/sin  yj  = 

...+  l/sin  yj 


(30.2) 


The  terms  found  in  brackets  represent  the  reciprocal  value  of  the 
sine  of  angle  )  ,  formed  by  a  straight  line  and  a  plane  (by  intercepts 
and  platelets);  furthermore,  all  directions  of  the  straight  lines  in  space 
with  respect  to  the  plane  are  equally  probable  and  equally  possible. 

This  value  has  been  already  determined  by  us  when  deriving  the  basic 
formula  of  the  method  of  random  secants  for  space  (25.1)  in  Section  25. 

It  was  found  that  it  is  precisely  2,  For  this  reason: 


Q 

L  =  21!  mm/nmr  , 

(30.3) 

i.  e.,  the  total  length  of  lines  of  a  system  found  in  a  unit  of  volume 
of  metal,  is  equal  to  twice  the  number  of  intersections  of  these  lines 
with  the  system  of  secant  planes  found  or.  an  average  in  a  unit  area  of 
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the  latter.  The  formula  derived  is  the  basic  formula  of  the  method  of 
secant  planes. 

For  the  derivation  of  formula  (30.3),  the  assumption  was  xc.de  that 
all  angles  at  which  the  intersected  lines  meet  with  secant  planes  are 
equally  possible  and  equally  probable.  Therefore,  Formula  (30.3)  is  valid 
only  when  this  condition  is  satisfied.  Formula  (30.3)  is  valid  in  the 
case  when  at  least  one  of  the  systems,  mutually  intersecting  in  space 
(i.  e,,  either  a  system  of  lines  the  length  of  which  is  being  measured, 
or  a  system  of  secant  planes,  or,  finally,  both  of  these  systems  simul¬ 
taneously)  is  random  and  does  not  have  any  preferred  direction  or  orien¬ 
tation  in  space.  Therefore,  although  theoretically  Formula  (30,3)  and 
the  method  of  secant  planes  are  applicable  for  any  case,  in  practice, 
when  the  analysis  is  limited  to  a  single  microsection,  they  may  be  ap¬ 
plied  only  for  the  measurement  of  length  of  isometrical  systems  of  lines. 

For  example,  using  Formula  (30.3)  it  is  possible  to  determine  the  total, 
length  of  lines  of  crystallite  edges  in  an  isometric  polyhedral  structure 
of  metal  with  equiaxed  grains. 

On  the  plane  of  the  microsection,  intersections  between  the  lines 
of  edges  of  volumetric  grains  and  the  plane  of  the  microsection  are  junction 
points  of  boundary  lines  of  three  adjacent  flat  grains,  as  has  been  pre¬ 
viously  noted.  Calculation  of  the  number  of  junction  points  per  unit 
area  of  microsection  (l  mnr)  is  one  of  the  simpler  techniques  of  quanti¬ 
tative  microanalysis.  By  substituting  the  value  of  M  obtained  into 
Formula  (30.3),  we  find  directly  the  specific  length  of  lines  of  edges 
in  mm/mm^, 

Before  commencing  the  analysis  of  systems  of  lines  with  partial 
linear  orientation  in  space,  let  us  discuss  a  system  of  completely  oriented 
lines,  which  obviously  must  consist  of  straight  lines  (or  segments) 
parallel  to  each  other  and  parallel  to  the  orientation  axis.  Filament¬ 
like  nonmetallic  inclusions  may  serve  as  an  example  of  such  a  system  of 
lines,  in  approximation.  These  inclusions  in  rolled  rods  or  in  wire  are 
groups  of  approximately  rectilinear  fibers  of  different  lengths,  parallel 
to  the  orientation  axis,  i.  e.,  to  the  axis  of  their  round  or  wire. 

Let  us  intersect  such  a  wire  by  a  number  of  plar.es  perpendicular  to 
its  axis,  maintaining  a  constant  and  very  small  distance,  / J. ,  between 
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the  planes.  These  planes  would  intersect  all  fibers  of  nonmetallic  inclu¬ 
sions  into  intercepts  with  lengths  up  to  yj  .  Let  us  arbitrarily  round  off 
the  length  of  these  intercepts  to  /_\  ,  if  their  actual  length  is  greater 
than  half  this  value  and  let  us  disregard  these  intercepts  if  their  length 
is  less  than  0,5  yj  .  Let  us  designate  the  number  of  intercepts  between 
each  pair  of  adjacent  planes  as  H^,  M^...  .  Let  us  take  into  account 

that  the  total  number  of  intercepts  per  unit  volume  of  wire  would  be  equal 
to  the  sum  of  these  numbers  for  z  =  l//j  planes,  inasmuch  as  precisely 
this  number  of  planes  fits  the  length  of  wire  equal  to  unity. 

In  that  case,  the  total  length  of  all  intercepts  of  filamentary  in¬ 
clusions  per  unit  volume  of  wire  will  be: 

5  L  =  £  (%  +  U2  +  M3  +  ...  +  Kz)  = 

+  Mg  +  Mj  +  , , ,  +  Mz  3 

- - - - =  I, I  mm/mni  . 

(30.4) 

Consequently,  the  specific  length  of  a  system  completely  oriented  in 
space  is  numerically  equal  to  the  mean  number  of  intersections  between  the 
lines  and  planes,  perpendicular  to  these  lines,  per  unit  area  of  these 
planes.  On  transverse  microsections,  located  along  the  length  of  a  round 
or  wire,  the  mean  number  of  intersections  with  filamentary  nonmetallic 
inclusions  (or  other  elements  of  structure  which  have  linear  dimensions 
per  unit  area  of  the  microsection,  is  a  statistically  constant  value. 
Therefore,  having  determined  the  mean  number  of  intersections  of  nonmetallic 
inclusions  per  1  mm^  of  microsection  (or  from  several  microsections,  in 
the  case  of  a  more  critical  analyses  or  hetereogeneous  distribution  of  in¬ 
clusions  along  the  length),  we  can  find  from  Formula  (30.4)  their  total 
length  in  a  unit  volume  of  metal. 

If  a  system  of  lines  has  a  partial  orientation,  such  as  for  example 
a  system  of  lines  of  grain  edges  in  a  round  or  wire,  which  are  elongated 
by  rolling  or  drawing,  we  apply  the  same  procedure  for  the  determination  of 
specific  length  of  lines,  just  as  ir,  the  case  of  using  the  method  of  di¬ 
rected  secants.  The  length  of  lines  in  the  isometric  and  completely  oriented 
systems  are  calculated  from  the  different  formulas  (30.3)  and  (30.4).  Fo- 
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this  purpose  it  is  necessary  to  have  two  microsectior.s.  The  plare  of  the 
first  must  be  parallel  to  the  orientation  axis  (the  symmetry  axis  of  the 
structure)  and  the  plane  of  the  second  must  be  perpendicular  to  it.  The 
plane  of  the  first  microsection  (longitudinal  one)  does  not  intersect 
oriented  lines  inasmuch  as  they  are  parallel  to  it,  and,  consequently, 

O 

the  number  of  junction  points  per  1  mm  of  such  a  microsection,  M  , 
belongs  exclusively  to  lines  of  the  isometric  portion  of  the  system.  There- 

l/v 

specific  length  of  the  isometric  portion  of  lines  may  be  found 

fore,  tx.. 
from  (30.3): 

£Lis  =  2M„  mm/mnr  .  (30,5) 

1  microsection  (transverse  one)  will  intersect 
The  plane  of  the  second 

oriented  perpendicular  to  the  plane  of 

lines  disposed  isometrically  as  wex- 

uumber  of  these  junction 
the  microsection.  Let  us  designate  the  mean  . 

2  •  Inasmuch  as  the 

points  per  1  mm'  of  the  transverse  microsection  as  Mi . 

-vnents  of  lines 

number  of  intersections  with  the  isometrically  disposed  ele.  \ 

\Mt| ,  we  may 

is  independent  of  the  direction  of  secant  plane  and  is  equal  to 

\  the 

find  the  number  of  intersections  with  oriented  elements  of  lines  ox 
system,  exclusively,  from  the  difference: 

-2 

L  |  —  ivi|,  mm  , 

Then  the  specific  length  of  thecompletely  oriented  portion  of  lines  of  the 
system  will  be  found  from  Formula  (30,4): 

"$7  L  =  Id.  -  I'  mm/mm^  (30.6) 

The  total  specific  length  of  lines  per  unit  volume  of  metal  is  equal  to 
the  sum  of  quantities  defined  by  Formulas  (30.5)  and  (30.6),  i,  e.,  equal 
to : 

Ltot  =  +  L5»  •  (30.7) 

Using  the  given  formulas,  it  is  possible  to  calculate  also  the  degree 
of  orientation  of  lines  or  edges  of  the  elongated  grains  or  microparticles 
as  the  ratio  of  the  specific  length  of  oriented  portion  of  lines  to  the 
total  specific  length,  expressed  in  per  cent. 


